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This thesis investigates the effects of thermal strain on single to few layer 
graphene on silicon substrates below room temperature. Three graphene device 
designs and two directions of temperature change were explored to determine 
the differences these cause in graphene undergoing strain. Biaxial strain 
dependences with temperature were found in all graphene thicknesses and 
designs, with a magnitude consistent with the difference in thermal expansion 
coefficient (TEC) predicted between graphene and the substrate. The samples 
did not show significant variance in strain or dopant concentration dependences 
that correlated with the manufacturing or measurement methods. The thermal 
expansion coefficients of single to three layer graphene was measured in the 
range from 6 K to 296 K and were found to be in good agreement with the 
predicted theory of single layer graphene. A preliminary study into the effects of 
ultra-flat, h-BN substrates to observe differences in the graphene strain and TEC 
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Graphene is a two dimensional (2D) layer of carbon atoms with a honeycomb 
structure. It has been of theoretical interest since the 1940s and of experimental 
interest since it was successfully isolated in 2007.1,2 Since this proof of successful 
fabrication, a great amount of interest has been ignited in graphene and other 2D 
materials due to the unusual electronic properties predicted at this 
dimensionality.3-6 The 2D materials also allowed for the direct probing of these 
phenomena, unlike previous studies into 2D systems, which revolved around 
interfaces between two three dimensional (3D) systems.7  
In addition to the electronic properties, graphene also has useful structural 
properties. The covalent bonding between the carbon atoms in graphene results 
in graphene being sturdy in its 2D plane and graphene has shown the ability to 
maintain its structure under large elastic deformations.8 This combination of 
interesting electronic properties and elasticity has opened the possibility of 
influencing the electronics of graphene by inducing strains. This would enable the 
use of strain to create “valleytronic” devices, which affect electron behaviour 
depending on which energy “valley” they occupy in momentum space.9-11 
Therefore, there is a desire for methods of easily controlling strain in microscopic 
graphene systems to create the next generation of complex electronic devices. 
Strains can be induced in graphene in several ways, such as bending the material 
it is placed on or forming pressurised bubbles under it.12-15 A strain in graphene 
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will also be induced through the difference in thermal expansion between the 
graphene and a material it is in contact with, with the same principle as a 
bimetallic strip. This would cause a strain in graphene device whenever its 
temperature is changed from that which it was manufactured at. Since there are 
many experiments on graphene and 2D materials that use low temperatures for 
noise reduction, the categorisation of these strains is useful for designing 
electronic devices in which strain induced effects would be undesirable. 
Given that thermal strains are caused by a difference in thermal expansion, if the 
thermal expansion coefficient (TEC) of the supporting material used for graphene 
is known, the TEC dependence of the graphene can be calculated.1 While 
measures of graphene have been made using this and other methods, there is 
not currently a consensus on the dependence of TEC on temperature between 
these studies and also the theoretical predictions.1,16-24 Therefore additional 
measures of this value for graphene and multi-layered graphene are useful for 
more accurately determining their TECs. 
1.2 Thesis overview 
This chapter, chapter 1 provides a broad introduction of the subject matter, as 
well as an overview of the contents of the other sections in this work. Chapter 2 
discusses the electron theory of graphene and few layer graphene, and 
elaborates on how induced strains modify this to create pseudo-electromagnetic 
effects. The chapter also describes Raman spectroscopy and how this can be 
used as a measure of strain and doping concentration in graphene. Other studies 
using Raman spectroscopy of graphene that have informed the calculations and 
analysis of this thesis are discussed here. The chapter continues by introducing 
3 
 
hexagonal boron nitride (h-BN), another 2D material akin to graphene, and makes 
points of comparison between the two materials. Chapter 2 concludes by outlining 
atomic force microscopy (AFM) and scanning electron microscopy (SEM) which 
were also used during the course of this study. Chapter 3 covers the specific 
predictions of the experiments carried out in this thesis. This consists of the 
interaction between graphene and the SiO2 substrate surface and the changes 
that metal contacts would have on this system. A prediction of the expected strain 
is then made from a theoretical prediction of graphene TEC, followed by the 
expected differences with few layer and h-BN substrate graphene. Chapter 4 
describes the manufacturing and design processes employed to create the 
graphene devices used in this study. This is followed by a description of the 
experimental setup used to control temperature and perform Raman microscopy 
as well as the means by which this was calibrated. Chapter 5 contains the results 
and discussion of the Raman measurements and the strain and TEC calculation 
of the graphene samples. Multilayer graphene is also analysed with respect to 
the single layer results, and an analysis of the doping concentration dependence 
with temperature is also performed. A preliminary examination of the results from 
graphene with h-BN substrates ends this chapter. Chapter 6 summarises the 
conclusions of the thesis as a whole as well as the potential implications of the 
results. The chapter ends with the means by which this work can be advanced to 




This chapter covers the background theory and practice of graphene physics and 
pertinent research preceding this work. The properties of graphene are explored 
along with the effects that strain has on these properties. The methods of inducing 
these strains are then elaborated upon, as well as how to use Raman 
spectroscopy to measure this strain and separate the signal it produces from 
doping and temperature effects. This chapter then introduces hexagonal boron 
nitride (h-BN) by its structural similarities to graphene and how this was exploited 
in this study. This chapter concludes with the additional measurement techniques 
used in the implementation of this study: atomic force microscopy (AFM) and 
scanning electron microscopy (SEM). 
2.1 Graphene 
Graphite is a three-dimensional (3D) carbon structure made of stacked two-
dimensional (2D) carbon layers, each one atom in thickness. A single isolated 
layer of graphite is known as graphene.3,25,26 The sp2 hybridisation of the carbon 
atoms of graphene allow them to bond with three neighbouring carbon atoms in 
a 2D honeycomb formation. This 2D structure can be considered as the basis of 
all other graphitic solids of other dimensionalities. Rolling up a 2D graphene sheet 
creates carbon nanotubes with a one-dimensional (1D) structure; folding in two 
dimensions creates fullerenes of zero dimensionality; and stacking graphene 
creates 3D graphite.26 While the theoretical study of graphene has been ongoing 




Originally, graphene and other 2D films were considered to be thermodynamically 
unstable: first at any temperature above zero Kelvin,27,28 then at much lower 
temperatures than for viable working devices.4 The out of plane displacements 
were considered energetically favourable for spontaneous folding. However, the 
introduction of a supporting medium and graphene elasticity allows for a 
metastable state of the material at room temperature.26,29 This stability 
additionally allows graphene to be fabricated on substrates without a matching 
crystal lattice, unlike metallic thin films.30 
Graphene has since been successfully extracted from graphite using exfoliation 
techniques, and has been grown by deposition directly onto a substrate.5,31,32,33 
For the majority of device applications, graphene is manufactured either by 
mechanical exfoliation (ME) or chemical vapour deposition (CVD). ME is the 
isolation of graphene, starting from a bulk graphite crystal.5,31 A bulk graphite 
crystal is repeatedly cleaved and separated out across a surface which is then 
pressed on to a final substrate. Both graphite and graphene are transferred at 
random onto the substrate surface. The graphene is then manually identified for 
processing. While this results in relatively large (up to 1 mm) single-crystal 
graphene flakes, positioning and consistency are not possible due to the random 
distribution of the flakes.25 This makes ME graphene a good candidate for 
experimental research: it is compatible with low numbers of bespoke devices and 
high crystal quality, suited for high sensitivity measurements with low-tech 
fabrication costs. 
CVD graphene allows, in principle, an arbitrarily large area of graphene to be 
grown through a catalysed chemical reaction.33 While there are a wide range of 
specific processes to achieve this, the general requirement is the cracking of a 
hydrocarbon gas in a non-reactive environment. The other requirement is a 
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catalysing surface for the resulting carbon atoms to form a graphene crystal. 
While CVD can produce graphene of a surface area only limited by the substrate 
and reaction chamber dimensions, the nature of the reaction nucleation causes 
grain boundaries in the graphene lattices to form. The graphene crystal growth 
starts from multiple nucleation points, causing misalignments in the crystal 
domains when they meet up. These discontinuities cause CVD graphene to have 
lower electrical and thermal conductivities than ME graphene. 
Other feasible fabrication techniques for graphene exist: wet or dry exfoliation 
and molecular growth. These are not covered here because for the strain and 
spectroscopy applications of this study, only ME and CVD graphene are used. 
2.1.1 Structure 
 
Figure 2-1: Graphene atomic lattice with the A (red) and B (blue) sub-lattices. Nearest neighbour vectors 
r1, r2, r3, and primitive lattice vectors R1, R2 are shown. 
 
The carbon atoms of graphene form a two-dimensional lattice. Each atom forms 















bonding pattern results in graphite being physically strong in the plane of the 
lattice. In graphite there is a weaker, Van der Waals bonding between graphene 
layers.3,5,32 This explains the difference in Young’s modulus of graphite, 100 GPa, 
with  the in-plane modulus of an isolated monolayer, 1000 GPa.34-36 Graphene is 
also chemically unreactive, due to the difficulty of replicating and substituting the 
sp2 bond pattern required to replace a carbon atom in the lattice.3 
The honeycomb structure of graphene can be seen as two repeating triangular 
lattices with an offset between each. This results in a primitive cell consisting of 
two atoms, one from each of the two triangular sub-lattices, conventionally named 




(3, √3)  and R2 =  
𝑎
2
(3,−√3), where 𝑎 = 1.42 Å, the carbon-
carbon bond length (|𝒓1−3|), as shown in figure 2-1.
3,37 The 2D reciprocal lattice 
of graphene is similarly hexagonal in nature (figure 2-2). 
 
Figure 2-2: Reciprocal space lattice of graphene with the reciprocal lattice vectors highlighted: L1, L2. 












A few layers of graphene stacked together results in materials with properties 
which are still more comparable to comparable 2D graphene than graphite. Two 
layers of graphene (bilayer) stack with an offset, such that carbon atoms of the A 
sub-lattice of the top graphene sheet sit directly above the atoms of the B sub-
lattice of the bottom graphene sheet, or vice versa. This is known as AB stacking 
(figure 2-3 (a)). Three layered graphene (tri-layer) has two stacking forms: ABA 
stacking, where the top and bottom graphene layers are aligned and the middle 
is offset as in two layered graphene; ABC stacking, where the third layer is offset 
from both of the other two (figure 2-3 (b)). 
   
Figure 2-3: Two and three layer graphene stacking. (a) AB or ABA stacking, the separate graphene layers 
are colour coded with red and blue outlines and the A and B sub-lattices are shown with red and blue 
circles. (b) ABC stacking, the layers are colour coded with red, blue and green outlines with the same sub-
lattice colouration.  
 
2.1.2 Electronic Properties 
Other noteworthy properties of graphene arise due to its unusual electron 
behaviour, caused by the unusual electron dispersion of graphene. This 




Tight binding approximation 
To fully solve the Hamiltonian for this material, the electron interactions within 















).    (2.1) 
However, taking only the first order interactions of the electrons is a sufficient 
approximation to demonstrate the properties of electrons in graphene. Including 
only the 𝒓1, 𝒓2, 𝒓3 vectors excludes A → A or B → B lattice transitions and  
simplifies the diagonal terms in equation (2.1), which are the difference in on-site 
energy between the A and B lattice locations. In graphene, this is zero as the A 


















,     (2.2) 
where 𝑡 is the parameter for nearest-neighbour hopping energy: 
𝑡 = 𝑁∑∫𝜑𝐵
∗ (𝒓)𝐻𝜑𝐴(𝒓 − 𝑹𝒊)𝑑𝒓
𝑖





.     (2.4) 
These off-diagonal terms represent the probability amplitude for an electron to 
travel between nearest neighbour atomic sites, and have equal modulus squared 


















𝑎) and  𝒌 as the 2D reciprocal space 






). This gives the first order approximation of the energy to be 









)].     (2.5) 
An approximate value of 𝑡 has been calculated as 𝑡 ≈ 2.7 eV, yielding the 
dispersion shown in figure 2-4.1,3 
 
Figure 2-4: First order approximation of the electronic dispersion of a honeycomb lattice made from two 
identical sub-lattice elements. The opposing corners of the first Brillouin zone K and K' are labelled. 
 
Results 
This dispersion reveals that graphene has no electronic band gap, classifying 
graphene as a semi-metal. The points that the conduction and valence bands 
















In the low energy regime around the K points, <1 eV, the energy of electrons has 
an unusual, linear dependence on momentum. This can be shown by taking the 
dispersion at one of the K-points: from figure 2-2 or 2-4, (0,
4𝜋
3𝑎
) and expanding a 
small distance in k-space around this position: (𝛿𝑘𝑥,
4𝜋
3𝑎
+  𝛿𝑘𝑦). This is 































√3 ],     (2.7) 
respectively. By defining 𝛿𝑘 ≪ 1, and 𝛿𝑘2 ≈ 0, equations 2.6 and 2.7 can be 
simplified using first order Taylor expansions of the exponential terms, giving a 





0 𝑖𝛿𝑘𝑥 − 𝛿𝑘𝑦
𝑖𝛿𝑘𝑥 + 𝛿𝑘𝑦 0
).    (2.8) 
This Hamiltonian can also be described as a combination of Pauli spin matrices:3 
𝑯 = 𝑣𝐹𝝈. 𝒑,    (2.9) 
where the wavenumber 𝛿𝑘ħ has been substituted for momentum 𝒑 = (𝑝𝑥, 𝑝𝑦, 𝑝𝑧), 
𝝈 is the vector of the Pauli matrices (𝜎𝑥, 𝜎𝑦 , 𝜎𝑧) , and 𝑣𝐹 =
√3𝑎𝑡
2ħ
≈ 1 × 106 ms–1.3,6 
In the case of the 2D graphene system, 𝑝𝑧 = 0. This results in an electron 
Hamiltonian resembling the massless Dirac Hamiltonian, thus a linear dispersion 





= 𝑣𝑓 .    (2.10) 
This behaviour is usually only observable in free space with massless particles, 
such as a photons energy having a dispersion of  
𝜕𝐸
𝜕𝑝
= 𝑐 while typical massive 
particles have a  
𝜕𝐸
𝜕𝑝
= 2𝑝𝑐2 dispersion, where 𝑐 is the speed of light in vacuum. 
This creates the potential to simulate the realm of ultra-relativistic Dirac particles, 
using electrons, at greatly reduced experiment speed and size 
requirements.3,25,26  
Chirality 
So far, the approximation has only been solved around the K point. Equation (2.9) 
has two different solutions for the wave function corresponding to the K and K' 
points: 
𝜑𝒌




𝐾′ = 𝑒𝑖𝒌.𝒓 (
𝑒𝑖𝜃𝒌
±1
),    (2.11) 
where the ±1 term defines the dispersion band: +1 for conduction band 
(electrons) and −1 for valence band (holes) and 𝜃𝒌 is the angle of the momentum 
space vector. These two solutions can be seen as either in the direction of (𝜑𝒌
𝐾), 
or against the direction of (𝜑𝒌
𝐾′) the particle motion, which makes it analogous to 
quantum spin. This chirality is called pseudo-spin, where spin up and down are 
replaced with the electron existing at either the K or K' points. The pseudo-spin 
causes resistance to the backscattering of electrons: scattering from wave vector 
𝒌 to – 𝒌 is suppressed as the respective chirality around the K and K' are 
opposite.38 This allows for ballistic transport effects in the order of microns in 




The combination of massless particle behaviour with low scattering/interaction 
effects also allows the observation of quantum effects at room temperature in 
graphene, such as the quantum Hall effect. This means that graphene may allow 
for the design of practical devices based on quantum or relativistic effects. 
2.1.3 Multi-layer graphene 
The addition of a second graphene layer creates inter-layer electron hopping 
paths into the Hamiltonian. These inter-layer hopping potentials are relevant 
around the K and K' points in the two-layer graphene Brillouin zone, resulting in 
a 4x4 matrix version of equation (2.8).3 The additional off-diagonal terms from the 
inter-layer effects cause the K/ K' dispersion to have a quadratic relation. 
Therefore only single layer graphene exhibits massless electron dispersion as 
this quadratic dispersion is present in all graphene stacks up to graphite. 
Additionally, a band gap can now be introduced in layered graphene by creating 
diagonal terms in its Hamiltonian matrix. These diagonal terms are caused by 
effects that break the inversion symmetry of the lattice, such as a potential 
difference between the top and bottom graphene layers. Therefore, this effect is 
difficult to induce outside of multilayer graphene. 
Multilayer graphene maintains the chirality properties of single layer graphene, 
resisting backscattering based in its momentum position on the K or K' point in 
the Brillouin zone.25,38,39 
2.2 Strain 
When a force is applied to a solid, a certain amount of deformation is induced – 
a change of shape or volume. This displacement is described by a vector 𝒖:40 
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𝒖𝑖 = 𝑥′𝑖 − 𝑥𝑖,    (2.11) 
where 𝑖 = 1 − 3 being the three spatial dimensions, 𝑥𝑖 is a co-ordinate before the 
deformation, and 𝑥′𝑖 after the deformation, given as a function of the 𝑥𝑖 co-
ordinate. Likewise, if two points in the material are separated by a small distance 
defined by a vector, 𝑑𝒙𝑖, the distance after deformation is 
∆𝒙′𝑖 = ∆𝒙𝑖 − ∆𝒖𝑖.    (2.12) 
By defining the scalar distance before and after the deformation as 𝑑𝑙 and 𝑑𝑙′ 
respectively, all these terms can be related by 
∆𝑙′
2
















).    (2.14) 
𝒖𝑖𝑘 is the strain tensor where 𝑖, 𝑘 and ℎ refer to the three perpendicular spatial 
axes, meaning any strain can be separated out into contributions from three 
spatial dimensions. In the case of a supported graphene membrane, the out of 




    (2.15) 










)    (2.16) 
for a shear strain.  
Strain will affect the chemical potential of a graphene lattice: changing the area 
of the lattice will change the electron density. Additionally, atomic bond lengths 
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will change depending on their orientation to the strain. In the tight binding model, 
changes in the bond length will change the lattice vectors, 𝒓𝑛, and the hopping 




. (𝒖𝑎 − 𝒖𝑏),    (2.17) 
where subscripts 𝑎 and 𝑏 denote the different sub-lattices, connected by the 
atomic bond. This modifies the hopping potential, 𝑡, from the graphene 
Hamiltonian, equation (2.2) to 𝑡′, where 
𝑡′ = 𝑡 +
𝜕𝑡
𝜕𝑎
∆𝑢𝑖 .    (2.18) 
This modifies the Hamiltonian with an effective potential, dictated by the strain 
tensor 𝑢𝑖𝑗, where 𝑖 and 𝑗 are now the 𝑥-𝑦 axes instead of the sub-lattice hopping 
vector: 
𝑨 = 𝛾 (
𝑢𝑖𝑖 − 𝑢𝑗𝑗
−2𝑢𝑖𝑗
),    (2.19) 





. This allows for the construction of an arbitrarily complex 
potential field, 𝑨, using a combination of linear and shear components of the 
strain tensor to satisfy equation (2.19). This potential field can therefore be used 
to imitate other fields, such as electric or magnetic fields, through the 
manipulation of the strain tensors. For example, a magnetic field can be mimicked 
with a triangularly symmetric strain pattern.42-44 However, unlike a true magnetic 
field, instead of causing opposite forces on opposing charges, this pseudo-
magnetic field  has opposite forces at the K and K' points of the Brillouin zone. 
This type of field control opens up the exploration of valleytronics: the 
manipulation of electrons based on their position in reciprocal space.9-11  
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Applicable strain engineering would be an effective tool to add to the manipulation 
of electronics in graphene devices. Strains have been induced in graphene 
through various methods: 
2.2.1 Flexible substrate 
Flexible substrates are a simple and direct method of applying strain to graphene 
membranes.12-15 Graphene is exfoliated or transferred onto a polymer substrate 
such as acrylic (PMMA) or polycarbonate (PC). The aim is to use the Van der 
Waals forces between the graphene and polymer to exert a straining force on the 
graphene as the polymer is physically bent (figure 2-5). This is effective at 
inducing uniaxial strains in the order of 1 %, with higher values of tensile than 
compressive strain achieved due to the graphene buckling under compression.12 
Biaxial strains are also possible with a five-point bending pattern.15 This method 
is limited by the substrate thickness: a thinner substrate allowing for a larger 
strains; and the large difference in Young’s modulus between graphene (1000 
GPa) and the polymers (>5 GPa) used, limiting how much the substrate will 
deform the graphene and not the reverse.12-15,34-36 
 




2.2.2 Bubbles and blisters 
Gas molecules are unable to permeate a graphene membrane. This has been 
used as another avenue to induce strain.42,44,45 Either by trapping bubbles during 
the manufacture process or by creating pressurised cells below the graphene, a 
pressure difference is created above and below the graphene (figure 2-6). While 
this can create strains in the order of 1%, the positioning of bubbles is random, 
and both blisters and bubbles cannot strain the entire graphene flake or create a 
strain of arbitrary configuration. 
 
Figure 2-6: Graphene (blue) blister over a hole in the substrate (grey). Strain is induced when 𝑃 ≠ 𝑃0. 
 
2.2.3 Thermal expansion 
As explored in this study, graphene is strained through heating when it is on a 
substrate with a different thermal expansion coefficient to it. Graphene has an 
unusual thermal expansion coefficient (TEC), as it is predicted to be negative 
over a large temperature range covering all standard device operating 
temperatures.20,21,23,24 This causes graphene to even be significantly strained on 
silicon substrates, commonly used for electronic devices, when the temperature 
is varied (figure 2-7). This has been shown to produce consistent, isotropic biaxial 
strains. The strain magnitude is limited by the temperature difference that can be 
applied and has been measured in the order of 0.1% when decreasing 




temperature from room temperature, and 0.2% when increasing.46 As in the 
flexible substrates, there are also observations of slipping and crumpling when 




Figure 2-7: Strain induced by substrate (grey) and graphene (blue) in the case of decreasing temperature. 
The substrate shrinks (grey arrows) and the graphene tries to expand (blue arrows). 
 
Contact effects 
In order to perform electronic measurements on graphene, metal contacts are 
deposited on the top or side of a flake to create a circuit involving the desired 
graphene (figure 2-8). In the case of thermally strained graphene, these contacts 
can make a difference to the resultant effects. 
 
Figure 2-8: Schematic of graphene flake (blue) with Cr/Au top contacts (yellow). 
 
The slipping and buckling observed in both the flexible substrate and thermal 
expansion strain experiments may be supressed if metal contacts offer additional 
pinning of the graphene. This can be as an increase in the Van der Waals forces 
from both sides of the graphene flake, or additional pinning can be added by 
etching holes through the graphene first to make contacts that ‘nail’ through the 
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graphene, as used in suspended graphene structures. This extra pinning force 
could allow these straining techniques to exceed the strain limit observed when 
graphene buckles or slips on the substrates, and particularly so in the slipping 
case.49 
Metal deposition itself has also been observed to induce strain in 2D materials. 
Metal deposition processes occur at high temperatures for the evaporated 
metals. The cooling and settling process the metals undergo once deposited 
causes local strains around these metal features such as contacts and 
nanoparticles.50-52 It is worth considering the combined strain effects of metal 
deposited contacts in temperature-variable graphene systems, such as low 
temperature transport, as undesirable strains may be induced. 
Motivation 
Characterisation of these strain systems is important to ensure that unintended 
strain field effects are not induced when using graphene devices. While simple 
strain geometries are not expected to influence the electron properties of 
graphene, large strain magnitudes and complex strain tensors can be expected 
to change these properties.42,43,53 Therefore, the magnitude of strain and their 
dependence with temperature is an important factor to consider, as well as 
contact type and geometry, when creating electronic devices which undergo 
temperature fluctuations, and is the main motivation of this work. This study seeks 
to be a direct measurement of thermal strain of graphene samples that are in the 
style of electronic transport devices.17,19,46-48,54,55 
The thermal expansion strain is directly influenced by the thermal expansion 
coefficient (TEC) of graphene. So far, this TEC has not been measured below 
100 K and previous measures show large disagreement between each other and 
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theoretical predictions.16-21,23,48 therefore this study of thermal strains can be used 
as a measure of the TEC of graphene over an unexplored range, and as a 
comparison to previous results and theory. 
2.3 Raman spectroscopy 
Raman spectroscopy is an excellent method for measuring the structural and 
electronic properties of a material in a non-destructive manner. Raman 
spectroscopy is the measure of inelastically scattered laser light off a material. 
While the majority of laser light incident on a material undergoes Rayleigh 
scattering, a small fraction of photo-excited electrons can also couple to the 
material’s lattice vibrations.56  
 
 
Figure 2-9: Stokes scattering process of a photon incident on some material, involving an incident photon 
(ħν0), emitted photon (ħν0) and generated phonon (ħω). 
 
These lattice vibrations, of frequency ω, are quantised and are described as 
quasi-particles called phonons. When an excited electron creates, or absorbs a 















decreased energy (Stokes shift) or increased energy (anti-Stokes shift) 
respectively. Since the properties of phonons are sensitive to both the lattice 
structure and electronic properties, this information is carried into the Stokes (or 
anti-Stokes) spectral information.  
Raman scattering does not require a resonant transition. As shown in figure 2-9, 
the valence electron can be excited to a virtual state at normally forbidden energy 
levels, removing the need to tune the laser excitation wavelength to the band gap 
of the material being probed. Non-resonant Raman spectroscopy takes 
advantage of these virtual state excitations to be able to measure materials with 
laser wavelengths lower than the material band gap, and to measure multiple 
materials with different band gaps simultaneously. Resonant Raman 
spectroscopy uses the increased probability of incident photon absorption that 
comes from a real electron transition to obtain a larger resultant Raman signal 
from a material. 
Light cannot couple to all phonon vibration modes. “Raman active” phonons 
require polarizable lattice bonds for a dipole oscillation that the photons couple 
to, and must also obey momentum and energy conservation laws. 
2.3.1 The phonons of graphene 
For graphene, the two optically active phonons used in Raman spectroscopy are 
at the Γ and K points of the dispersion. They are labelled by the symmetry of their 




Figure 2-10: Theoretical (lines) and measured (points) phonon dispersion of graphene, adapted from 
Venezuela et al.57 
 
The E2g phonon exists at the centre of the first phonon Brillouin zone at the Γ 
point. The lattice motion of this phonon has the two atomic sub-lattices oscillating 
in opposite phase to each other. There are two degenerate vibrational modes of 
the E2g phonon, related by the orientation of the oscillations to the lattice, shown 
in figure 2-11.  
 













 The optical transition of the Raman interaction is resonant at all light wavelengths 
due to the linear electron dispersion always allowing a direct electron transition 
from the valence band to the conduction band. This boosts the interaction 
probability of the Raman scattering event. The spectral peak associated with this 
transition is also present in graphite, and is known as the G peak. 
The A1g phonon exists at the corner of the first Brillouin zone, at the K point. The 
lattice motion is a “breathing” oscillation of the hexagonal lattice structures of 
graphene. The large phonon momentum of the K point prevents Raman access 
to this phonon under usual conditions, therefore the phonon requires either an 
elastic electron scattering event off a lattice defect or a second-order scattering 
event, creating two phonons with opposite momentum, to be Raman active. 
 
Figure 2-12: (a) A1g phonon mode of the D and 2D graphene Raman peaks. (b) One possible electron 
scattering path of the D spectral peak: the first inter-valley transition creating a phonon, while the second is 
an elastic scattering event off a defect. The 2D peak has both inter-valley transitions create phonons.  
 
 This multiple electron scattering Raman process of the A1g phonon causes it to 
be doubly resonant, as both the initial excitation and the inter-valley scattering to 
both begin and end in real electron states, further enhancing the interaction 
probability. There are two Raman spectral peaks associated with the A1g phonon: 











and is used as a measure of graphene quality, with perfect, single-crystal 
graphene having zero intensity of this peak. The 2D peak is the second harmonic 
of the D peak and is caused by double phonon creation, and is therefore always 
present. The D and 2D peak energies are dependent on the excitation 
wavelength. The energy of optical photon excitations puts them beyond the near-
K approximation made for equation (2.8), and beyond the linear dispersion 
regime in figure 2-4. The return to a non-linear dispersion causes the energy of 
the inter-valley scattering (figure 2-12) to shift with photon energy by about      
50 cm–1 eV–1 in the optical range.58-60 
2.3.2 Raman of graphene 
The Raman spectrum of graphene can be used to identify the number of 
graphene layers in a particular flake, and also contains information of its quality, 
strain and doping due to their effects on the lattice phonons.47,48,59,61 Examination 
of the D, G and 2D Raman peaks is used to define these qualities. 
Monolayer  
The Raman spectrum of monolayer graphene consists of two main spectral 
peaks: the G and 2D peaks, whose mechanisms have been described in the 
previous section (2.4.1). The G peak is located around 1585 cm–1 and the 2D 
peak around 2700 cm–1 and both have a Lorentzian peak shape as only natural 
broadening is present. Approximate values are given due to sample-dependent 
strain and doping shifts of the peak positions, and the 2D peak dispersion with 
excitation wavelength (section 2.3.1). The D peak does not appear in defect free 
graphene, such as figure 2-13, but is at half the energy shift of the 2D peak. The 
D+D" peak visible in figure 2-13 comes from an alternate inter-valley scattering 
that involves a combination of an A1g and an E' phonon, from the K point in figure 
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2-10.62 This peak appears around 2450 cm–1 and is slightly asymmetrical due to 
its sub-components. The D+D" is not used as often for Raman spectral analysis 
over the G or 2D peaks due to its comparatively lower signal intensity. The 
identifying features for monolayer graphene are a single-Lorentzian 2D peak, and 
the 2D/G peak intensity ratio between 2 and 5, which varies with doping. 
 
Figure 2-13: Raman spectra of monolayer graphene from 1200 cm–1 to 2900 cm–1 with peaks of interest 
labelled, as measured with a 532 nm laser. The absence of the D peak comes from the probed area being 












Bilayer graphene has the same peak distribution as monolayer graphene with the 
exception of the 2D peak. For bilayer graphene, the 2D peak is shifted to higher 
energy, has an increased peak width and an internal structure involving four sub-
peaks. This is caused by the modified electron distribution at the K-point in bilayer 
graphene, allowing for four different Raman scattering pathways of slightly 
different energies and interaction probabilities, shown in figure 2-14. These four 
different scattering paths give rise to the four sub-peaks of differing energies and 
intensities, giving the combined 2D bilayer graphene peak a left-sloping top, and 
a shoulder protrusion, show in the inset of figure 2-15.  
 
Figure 2-15: Raman spectra of bilayer graphene from 1200 cm–1 to 2900 cm–1 with peaks of interest 
labelled, as measured with a 532 nm laser. The inset shows an expanded view of the 2D peak, with an 
approximate fit of the four sub-peak features in black. 
 
Bilayer graphene is most easily identified by a shoulder in the 2D peak, and a 
2D/G peak intensity ratio in the range of 0.75 to 1.5.64 The change in relative 
intensities arises from the dispersal of the 2D peak sub-elements, combined with 
a linear scaling of G peak intensity with number of graphene layers.64 
Tri-layer 
Tri-layer graphene has a similar peak profile to monolayer and bilayer graphene 




graphene (figure 2-16). The 2D peak has a different profile to the 2D case 
however, missing the shoulder feature, and having a right-facing slope at the top 
(figure 2-16, inset). This particular 2D peak shape is unique to tri-layer graphene, 
as well as a 2D/G peak ratio from 0.75 to 0.5.64 
 
Figure 2-16: Raman spectra of trilayer graphene from 1200 cm–1 to 2900 cm–1 with peaks of interest 
labelled, as measured with a 532 nm laser. The inset shows an expanded view of the 2D peak, with an 
approximate fit of the four sub-peak features in black.  
 
2.3.3 Strain effect on Raman spectra 
Since lattice vibrations are significantly affected by the properties of the lattice, 
they make an excellent measure of changes in the properties of a substance. 
Therefore, effects such as strain, doping and temperature, addressed in sections 
2.3.3, 2.3.4, and 2.3.5 respectively, can be measured through changes in the 
Raman spectrum of graphene. These effects are described for monolayer 
graphene only as the mechanisms do not change for bilayer and tri-layer 
graphene. 
The volume of a crystal lattice is related to vibrational properties by the Grüneisen 
parameter, which is a material-specific value that determines the change in 




Therefore, a deforming strain of the graphene lattice causes a shift in the 
associated phonon energies. 
Uniaxial strain 
 
Figure 2-17: Splitting of G and 2D Raman peaks induced by uniaxial strain, from substrate deflection, as 
measured with a 785 nm laser. (a) G peak strain splitting with both tensile (red) and compressive (blue) 
strains, the split peaks are labelled G+ and G–, adapted from Frank et al.14 (b) 2D peak strain splitting with 
tensile strain and laser polarisation parallel to the strain axis. (c) 2D peak strain splitting with tensile strain 
and laser polarisation perpendicular to the strain axis. Data of (b) and (c) adapted from Frank et al.65 
In addition to shifting the energy of the Raman peaks, a uniaxial strain breaks the 
directional degeneracy of the graphene lattice. This causes the G peak to split 
into two components. Additionally, the 2D peak undergoes a polarisation-
dependent split. Both splittings are related to the orientation of the graphene 
lattice to the strain direction.13,14,65,66 This has been observed in graphene 
(a) (b) 
(c) 
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strained by a flexible substrate undergoing a two-point bend, such as shown in 
figure 2-5. 
Uniaxial strains cause a peak shift of 29 cm–1/% for the G– component and   
10 cm–1/% for the G+ component and is the same for compressive and tensile 
strains, with compression giving a positive shift and tensile negative                
(figure 2-17).13,14,67 The 2D peak exhibits a shift of 59 cm–1/% for the lower energy 
component, and 31 cm–1/% for the higher component with only the relative 
magnitude of the peaks changing with polarisation angle.65,66 Shift values are 
derived from an average of results, and have an uncertainty of 10%.  
Biaxial strain 
The isotropic nature of biaxial strain keeps the directional degeneracy of the 
graphene phonons intact so peak splitting, such as in the uniaxial case, does not 
occur. Biaxial strain has been achieved as a five-point bending of graphene on a 
flexible substrate, as well as in pressurised graphene balloons and blisters.13,15,44 
The biaxial strain dependence on peak position was measured to be 57 cm–1/% 
for the G peak, and 144 cm–1 for the 2D peak, with 5% uncertainty, giving a 
negative shift for tensile strain and a positive shift for compressive                     
(figure 2-18).13,15,44 In conclusion, both lattice strains, uniaxial and biaxial, will 
cause a decrease (increase) in phonon energy with tensile (compressive) strain, 
but only strains with a uniaxial component will cause a broadening or splitting of 




Figure 2-18: Strain shift of the 2D peak (a, b) and G peak (c, d), using the tensile strain of a five-point 
substrate deflection and 785 nm laser. The total trend with strain is shown in (a) and (c), with an example 
peak shift shown in (b) and (d). Data adapted from Androulidakis et al.15 
 
2.3.4 Doping effect on Raman spectra 
Doping has multiple effects on the phonons of graphene. Large charge 
concentrations are possible due to the 2D nature of graphene, allowing dopant to 
native atom ratios in the order of 105 to be achieved.69 This level of charge density 
affects the carbon-carbon bond length in graphene, causing a general increase 
(decrease) the phonon frequency for positive (negative) doping.70 
Graphene has a particularly strong E2g electron-phonon coupling, as these 
phonons and electron-hole pairs can readily excite each other around the K point 










,    (2.20) 
where 𝜔𝐺 is the frequency of the G peak. The coupling therefore causes the E2g 
phonon lifetime to be significantly reduced when relation (2.20) is satisfied. This 
does not occur for the A1g phonon as it does not easily couple to electrons due to 
the large phonon momentum blocking transitions. 
At zero doping, there is also a Kohn anomaly at the Γ point of the phonon Brillouin 
zone (figure 2-10). This comes from the interaction between lattice and electron 
resonance, causing a reduction in phonon energy.61,68 A Kohn anomaly causes 
the softening of phonon wavevectors that are resonant with an electron Fermi-
surface wavevector. Increasing charge density, Fermi energy, removes this 
softening effect and shifts the phonon dispersion to higher energies at the Raman 
active point. For example, the downwards kink in the LO band at the phonon 
dispersion Γ point of figure 2-10, becomes flattened out and thus increasing the 
energy of the E2g phonon.61,68 
G peak position 
The Kohn anomaly behaviour is the dominant doping effect on the G peak 
position. Figure 2-19 shows that the G peak energy increases with any doping 
increase across ordinary doping ranges (< ± 4x1013 cm–2).68,70,72,73 At electron 
concentrations above 4x1013 cm–2, the bond shortening effects become equal to 





Figure 2-19: Graphene G peak position as a function of doping induced by an electrochemical top-gate. 
The blue line is the prediction from the combined Kohn anomaly and charge concentration effects on the 
lattice. The black circles are measurements. From Das et al.70 
 
2D peak position 
The A1g phonon frequency is expected to be only affected by the bond length 
effects of charge doping.68,69 However, it has been observed that the 2D peak 
position also increases with negative or positive doping (figure 2-20). However, 
the phenomenon is much weaker than the G peak shift, and is only dominant at 
charge concentrations below 2.4x1013 cm–1.70,72 This would be caused by a shift 
in the phonon dispersion around the K point in figure 2-10, which exhibits a strong 
frequency singularity. While the dispersion is not expected to shift at the K point, 
the magnitude of the singularity has the effect of magnifying even small 
fluctuations. This combined with the general bond shortening shift results in a 
more asymmetrical dependence of the 2D peak position on doping than for the G 
peak. This gives the 2D peak a more distinct frequency dependence between 




Figure 2-20: Graphene 2D peak position as a function of doping induced by an electrochemical top-gate. 
The Blue line is the prediction from charge concentration effects on the lattice. The black circles are 
measurements. From Das et al.70 
 
G peak width 
The strong electron-phonon coupling of the E2g phonons shortens the lifetime of 
the quasi-particles. This in turn lowers the associated uncertainty in the phonon 
lifetime and by the Heisenberg uncertainty principle, increases the uncertainty in 




,    (2.21) 
where 𝑙 is particle lifetime and 𝐸 is energy. This causes a lifetime broadening of 
the G peak at doping concentrations that satisfy relation (2.20). Charge doping 
therefore causes the FWHM of the G peak to fall to a constant value of 5-8 cm–1, 
corresponding to weak/no electron-phonon coupling, for fermi energies greater 




Figure 2-21: Graphene G peak FWHM as a function of doping induced by an electrochemical top-gate. 
The Blue line is the prediction from lifetime broadening. The black circles are measurements. From Das et 
al.70 
 
As shown in figure 2-21, there is a large amount of variance within peak width 
results and from theoretical predictions. These fluctuations makes the G peak 
FWHM a poor indicator of specific doping value outside of a binary: low doping is 
>9 cm–1 and high doping is <8 cm–1 FWHM.61,70 
Peak broadening with doping does not occur in the 2D peak as the A1g phonon 
does not easily couple between electron dispersion bands which is required for 
strong coupling. Therefore the peak width is solely determined by phonon-
phonon interaction lifetimes like the G peak under high doping.3 
G and 2D Peak Ratio 
The decrease in G peak FWHM with doping is also accompanied by an increase 
in the relative peak intensity compared to the 2D peak.70,72,69,73,75 Therefore the 




2.3.5 Temperature-dependent phonon behaviour 
 
Figure 2-22: (1), The Raman peak position with temperature of the G (𝜔𝐺) and 2D (𝜔2𝐷) peaks caused by 
the phonon self-energy shift from the 3- and 4-phonon interactions. (2), the Raman peak positions from the 
combined phonon-phonon and electron-phonon contributions. Calculated by Apostolov et al.76 
 
The phonon frequency in graphene also has a temperature dependence. The 
phonon-phonon interactions (self-energy) contribution to the phonon frequency 
changes with temperature for both the E2g and A1g phonons. The combined the 
frequency shift from the two lowest phonon-phonon interaction orders has been 
predicted to cause a decrease in phonon energy with increasing temperature in 
the range of 0–1000 K.71,76 This shift combines with a contribution from electron-
phonon interactions, which is expected to cause phonon hardening with 
temperature and counteract some of the shift from the phonon self-energy, as 
shown in figure 2-22.76 The electron-phonon also causes a temperature 
dependence on the G peak linewidth, resulting in a decreasing FWHM in the 
range of 300–1000 K.71 
2.3.6 Strain and doping separation 
In order to measure either strain or doping in isolation using Raman, the other 
factors affecting peak shapes and positions would need to be externally 







doping in the G and 2D Raman peaks of graphene, it has been demonstrated 
that the strain and doping contributions to the combined peak position can be 
isolated. These differences are shown in figure 2-23, and the process used to 
determine this is described in section 5.1.3–5.1.4.42,74 
 
Figure 2-23: Example correlation of the 2D and G Raman peaks of graphene from section 5.1.3–5.1.4. The 
hydrostatic strain gradient is labelled εexp (red), the doping gradients are labelled nh (green) and ne (blue) 
for hole and electron doping respectively. The point where the lines intersect denotes the zero 
strain/doping position. 
 
The method, developed by Lee et al., correlates the 2D and G peaks in order to 
use the gradient  
∆𝜔2𝐷
∆𝜔𝐺
, which is different depending on whether the peak 
correlation is a result of a hydrostatic strain ( 𝑥𝑥 = 𝑦𝑦) or charge doping. The 
strain and doping contributions to peak position can be separated out for any 
point in the correlation by taking the distance along the strain and doping 
gradients required to relate that point to the zero strain/doping position (figure 




In order to account for the independent temperature dependence of phonon 
energy, it must be subtracted from the Raman peak positions before performing 
the peak correlation.47,48 This is particularly necessary for measurements with 
varying temperatures as this would add a false dependence to the Raman peak 
correlation. The phonon shift would be interpreted as a false doping dependence 
as it shifts the G peak more than the 2D peak, similar to the nh or ne line in figure 
2-23. 
While the correlation method works well for hydrostatic strain systems, a more 
complex strain system will involve a combination of biaxial and shear strains. It 
has been demonstrated that the biaxial strain can be separated into hydrostatic 
and uniaxial components.77 The uniaxial and shear strain components can be 
independently identified by the magnitude of the peak splitting of the G or 2D 
peaks. The hydrostatic component is then the average position of the two split 
peaks (G+, G- and 2D+, 2D-), which is then used in the correlation method as 
previous to determine the strain. 
2.4 Hexagonal boron nitride 
Boron nitride can form as a crystal lattice of a similar structure to graphite: as a 
series of stacked 2D crystal layers. An individual sheet of h-BN exhibits the same 
hexagonal lattice structure as graphene and has a similar lattice constant: 
|Rgraphene| ≈ 2.460 Å and |Rh-BN| ≈ 2.505 Å of figure 2-1.81 This means the 
structural properties of h-BN are comparable to that of other 2D materials: weak 
inter-layer bonding and flexible membrane properties at a low number of layers. 
Unlike the graphene lattice from figure 2-1, the A and B sub-lattices of h-BN are 
not identical but each sub-lattice is either all boron or all nitrogen. Therefore, there 
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is a difference in the on-site energy of electrons between the boron and nitrogen 
sites, breaking the inversion symmetry of the lattice.82 When creating the electron 
Hamiltonian, the difference in on-site energy gives rise to diagonal terms in h-



















,     (2.23) 
where 𝜖𝐵 and 𝜖𝑁 refer to the boron and nitrogen site energies respectively. 
Alternatively, setting one of the on-site energies to a zero reference leaves the 
other as ∆𝜖𝐵𝑁 achieves the same dispersion. As with two or more graphene 
layers, this diagonal ∆𝜖𝐵𝑁 term determines the band gap of h-BN (~6 eV) when 
solving for 𝜖(𝑘). 
This significant bandgap and similar physical structure is why h-BN has seen 
increasing use as an insulating substrate for graphene.83 The chemical stability 
and structural similarity between the two substances causes a significantly lower 
inherent doping and reduced resistive effects in the graphene compared to 
conventional SiO2 dielectric surfaces. While the band gap of h-BN is not as large 
as SiO2 (~9 eV), it is compensated by allowing closer gate proximity in                      
h-BN/graphene devices.84 
2.5 Atomic force microscopy 
AFM allows for the measurement of both features below the diffraction limit of 
visible light, that limits the resolution of optical microscopy, and the topography 
of surface features.85 This is achieved by a physical probe consisting of a 
sharpened point, typically with a tip radius in the order of 10 nm, mounted on a 
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cantilever, depicted in figure 2-24. A surface is then measured by bringing this tip 
into physical contact with the surface in either “contact” or “tapping” mode. 
In contact mode AFM, the probe is dragged directly across a surface while 
mounted on a stage. The repulsive interaction with the surface causes the 
cantilever to be deflected. A laser is reflected off the top face of the probe and 
the surface height is calculated either from the induced angular laser deflection, 
or from the stage translation required to counteract the deflection. Contact mode 
is not always practical as water vapour, condensed on a surface, can create 
surface tension forces at the probe tip in ambient conditions. Plastic deformation 
of the cantilever is also possible if the scanning tip encounters too large a step in 
surface level. 
 
Figure 2-24: Representation of a surface (blue) being probed by an AFM tip (yellow) mounted on a 
cantilever (green). The cantilever deflection is measured by the change in reflection of a laser spot (red). 
 
Tapping mode AFM is used to avoid the erroneous forces acting encountered in 
contact mode.86 Oscillating the surface probe avoids constant surface contact 
and the issues it creates, effectively “tapping” the surface to make 
measurements. The surface height is calculated from its effect on the cantilever 
oscillation amplitude, which is maximised by oscillating the probe near its 
resonant frequency. Surface features are then inferred by this change in the 
oscillation damping effect with surface height. 
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2.6 Scanning electron microscopy 
SEM is also a means to improve resolution below the diffraction limit of light. In 
this case, electrons are used for imaging in the place of the photons in an optical 
microscope, and refractive lenses are replaced by shaped magnetic fields.87 The 
initial high-energy electrons interact with a substrate, ionising lower energy 
secondary electrons. The secondary electrons are accelerated by a reverse 
potential to a detector to create an image of the surface. In principle, the 
theoretical resolution of the image is determined by the primary electron De 





.     (2.24) 
In practice, the secondary electrons can scatter multiple times before leaving the 
surface, giving a resolution in the order of 50 nm. An additional benefit of SEM is 
the ability to perform energy dispersive (X-ray) spectroscopy or EDS.87 The 
typical primary electron acceleration potential of 1-50 kV is great enough to ionise 
electrons in the deep 1s atomic orbitals, or K shell for X-ray spectroscopy (figure 
2-25). This allows for X-ray spectroscopic fingerprint identification of atomic 
elements as these electron orbitals close to the nucleus are heavily isolated from 
external factors and are energetically invariant.  Additionally, if the interaction 





Figure 2-25: X-ray emission (hν) from a graphene carbon atom caused by the ionisation of an inner orbital 
electron by an incident, high-energy electron. 
 
There are difficulties in performing EDS on lighter elements, atomic numbers from 
4 – 11. The X-Ray energy has a greater dependence on bonding pattern as this 
changes the amount of screening provided by higher orbitals. The ionisation 
interaction cross-section of inner orbitals determines the x-ray fingerprint 
intensity, which has an inverse-square dependence on ionisation energy. 
Therefore the lightest elements have the largest cross-sections which will also 
shift depending on atomic bonding. This causes these elements to be susceptible 
to inaccuracies in relative number or mass ratio measurements. Likewise, the 
lack of inter-orbital transitions means hydrogen, helium and lithium have no EDS 
signal. 
2.7 Conclusion  
This chapter has detailed the means by which strain effects on graphene have 
been previously measured using spectroscopy. The various means by which 
strain can be induced are covered, and how, through device or substrate design, 
this strain may be intentionally modified. It is clear that Raman spectroscopy is 








addition to experimentally induced strain and doping. The motivation for thermal 
strain is outlined due to the parity between it and transport device measurements. 
The possibility of multiple effects being induced in the same experiment is 




This chapter addresses the expected results of the strain and doping 
measurements described in chapter 2, based on the experimental methods used, 
which are discussed in chapter 4. This includes the effects of the surface 
topography of the chosen substrates and how metal contacts may enhance the 
pinning effect on graphene. The strain profile with temperature is then predicted 
for the ideal-contact thermal expansion scenario, for comparison to the measured 
results. The results expected from multi-layered graphene and h-BN substrate 
graphene were then speculated on, in comparison to single layer graphene on 
silicon substrates. 
3.1 Monolayer graphene on Si/SiO2 
3.1.1 Surface roughness 
SiO2 has an amorphous atomic structure which gives it a rough surface at 
nanometre scales. Oxidised silicon substrates, as used in this study, have been 
shown to have roughness features in the range of 0.5 nm to 1 nm in height across 
length scales between 25 nm and 50 nm.83,89,91 When graphene or other flat 2D 
materials are transferred to these surfaces, it will attempt to conform to the new 
topography. The deformation will induce nanometre-scale strain regions in the 
graphene and cause semi-suspended regions between larger roughness 
features, shown in figure 3-1 (a). These topological fluctuations randomise the 
strength of the contact forces between the graphene and SiO2 which may change 
the expected thermal expansion strains. Either slipping/crumpling of graphene 
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(figure 3-1 (b) and (c)) or strain-free thermal expansion in suspended regions 
(figure 3-1 (a)) will cause a different strain to that predicted by a thermal 




Figure 3-1: (a) Graphene suspended between SiO2 surface roughness features (dashed line). When the 
graphene expands relative to the substrate, it can do so without inducing strain by filling in the surface 
roughness (solid line). (b) Graphene slipping to reduce strain on a substrate that is expanding in 
comparison to the graphene. (c) Graphene crumpling to reduce strain on a substrate that is contracting in 
comparison to the graphene. 
 
The presence of nanometre surface roughness, or variations in strain field would 
be difficult to detect optically because roughness feature size is smaller than 
resolution. However, a distribution of surface induced strains may manifest as a 
broadening of both the G and 2D graphene Raman peaks when compared to 
suspended graphene to eliminate substrate effects. The existence of suspended 
regions would be detectable if it causes a delay in Raman shift with applied strain, 
indicating the graphene is freely relaxing. 
3.1.2 Metal contacts 
Electronic graphene devices on Si/SiO2 require the addition of source/drain 
contacts, top/back gates, and/or cross-current contacts. Electronic 
measurements are also commonly performed at low temperatures, using nitrogen 





of quantum phenomena. This will necessarily cause thermal strains in electronic 
device measurements. In addition to the substrate TEC mismatch strain, the 
effect these structures have on graphene devices must be understood. In addition 
to metal deposition strains, the contacts may prevent the slipping or crumpling of 
graphene seen in thermally strained graphene (section 2.2.3), enhancing the 
expected strain.46,48 Simple uniaxial and biaxial strains do not create the coherent 
pseudo-electromagnetic effects discussed in section 2.2, however, unintended 
contact effects on strain may give rise to localised potential fields.88 
Understanding these effects will allow device designers to avoid creating 
undesired electronic effects. 
Three types of contacting are investigated in this study: isolated and uncontacted 
graphene; two-point contacted graphene; and two-point nailed-contact graphene 
in which the metal “nails” go through the graphene and into the substrate. 
Uncontacted 
Without contacts, the Van der Waals forces from surface contact is the only force 
on graphene, inducing the expansion mismatch strain and preventing slipping or 
crumpling (figure 3-2). As mentioned in section 2.2.3, flexible substrate and 
thermal expansion strain measurements have observed that when the elastic 
deformation potential becomes greater than the Van der Waals surface attraction, 
graphene will slip or crumple. The relaxation results in a lower resultant strain 
than predicted by the TEC mismatch.46,48 
 





Electronic contacts are created by depositing metals onto graphene samples, 
covering a region on top of the graphene (figure 3-3). This will double the surface 
contact area and hence increase the Van der Waals force from the regions of 
graphene directly under the metal. The extra contact force may prevent the 
slipping or crumpling of graphene at high strains. The contacts may also 
physically block the expansion of graphene relative to the substrate. With 
decreasing temperature, the enhanced pinning in a single direction would cause 
an asymmetrical biaxial strain, observable as a broadening or splitting of the 
Raman G peak with strain. 
 
Figure 3-3: Contacted graphene flake (blue) with metal contacts (yellow) on a silicon substrate (grey) with 
an oxide layer (green). 
 
Metal deposition strains, discussed in section 2.2.3, are expected to be induced 
by this sample geometry. The range of these strains beyond the contact edge  
(<1 μm) are much shorter than the total sample length (>8 μm) and do not 
contribute to the Raman strain signal when measuring at the sample centre.10,11,12 
Edge-only contacting is also possible with graphene to avoid the resistive effects 
of transferring charge out of the graphene plane. These contacts are not 
investigated due to the reduced clamping effects. 
Nailed contacts 
A second contacting style was investigated as a means to enhance graphene: by 
etching a series of holes into a graphene flake and into the substrate below, 
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contacts can be fashioned into “nails” (figure 3-4). In addition to the predicted 
pinning and strain effects of top contacts which should still be present, the nails 
would also prevent the slipping of graphene when it contracts relative to the 
substrate. These structures are used in fully suspended graphene with no 
substrate, using the nails for sample stability.49 
 
Figure 3-4: Nailed graphene flake (blue) with metal contacts (yellow) on a silicon substrate (grey) with an 
oxide layer (green). 
 
In addition to the metal deposition strain, the nail-configuration contacts will 
induce localised strains around the nails when the sample-substrate expansion 
strain overcomes the Van der Waals force limit. The resultant strain variation will 
be dependent on the nail separation, with a closer spacing of nails creating a 
more uniform strain pattern, and distance from the contact nails. Such strain 
distributions would be discernible through either a Raman-shift map of strained 
graphene close to the contact regions, or as an increase in both G and 2D Raman 
peak width with increasing strain. 
The aim of this study is to investigate how the additional pinning of contacts such 
as these change the strain effects in graphene devices at cryogenic helium 
temperatures, similar to transport measurements. Additionally, if no graphene 
slipping or crumpling is achieved, a measure of the TEC of graphene is also 
possible. This allows for a measure of the TEC of graphene at a lower 
temperature than any other measurement technique (<30 K) and significantly 
lower than previous thermal expansion strain TEC measures (<200 K).16,17,48 
48 
 
3.1.3 Thermal expansion mismatch 
Graphene on a Si/SiO2 substrates has been shown to experience a change in 
strain with changing temperatures, from the difference in TEC between the 
graphene and substrate.17,19,46-48 For silicon substrate oxide layers that are 
sufficiently thin (295 nm), it can be assumed that the resultant expansion is 
dominated by the bulk silicon thermal expansion coefficient (TEC).17,47,48 Given 
that thermal expansion is isotropic, the strain induced in the graphene is 
hydrostatic and does not cause Raman peak splitting. 
Therefore, the expected strain can be calculated from the difference between the 
TECs of silicon and graphene. As with the substrate oxide layer, it is assumed 
that the silicon TEC determines the expansion of graphene as long as the 
graphene remains in contact with the substrate. The thickness ratio between the 
substrate and graphene of ~106 causes the graphene to be deformed over the 
substrate, despite the Young’s modulus ratio of graphene to silicon being ~5. 
Therefore, the expected strain of graphene on Si/SiO2 can be resolved by 


















= 𝛼,    (3.2) 
where 𝑇 is the temperature, 𝛼 is the TEC, ε is the strain and 𝐿 is the length 
dimension of the graphene. As the graphene strain is imposed by the substrate, 
the resultant TEC of the graphene is defined as the thermal expansion of the 
silicon substrate, minus the suppressed thermal expansion of the graphene:48 
ε = ∫ (𝛼𝑆𝑖 − 𝛼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒)
𝑇
𝑇0
∆𝑇,    (3.3) 
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where 𝑇0 is the starting temperature (room temperature). In order to calculate an 
expected strain dependence of graphene on Si/SiO2, an approximation of 
equation (3.3) was calculated.20,93 The thermal expansion difference,                 
𝛼𝑆𝑖 − 𝛼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 from figure 3-5, was fitted with a first order, second order and sixth 
order polynomial, with the condition that the TEC is zero at zero Kelvin, to 
determine the level of accuracy of fit that is required to best approximate the 
integral described in equation (3.3). These fits are also displayed in figure 3-5. 
 
Figure 3-5: Theoretical TEC of graphene, αgraphene theory (purple) as predicted by Mounet et al.;20 measured 
TEC of silicon αSi exp. (blue) measured by Middelmann et al.;93 and the difference between the two (red). 
The first order fit is shown as a solid line, the second order fit a dashed line, and the sixth order fit a dotted 




The differences between the integrals of these three fits are shown in figure 3-6, 
which shows no significant change in expected strain with greater fitting algorithm 
order as the first order component of all three fits was dominant. Therefore, the 
first order fit (𝑦 = 𝑚𝑥) of the TEC was used as an acceptable approximation. The 
resultant thermal expansion mismatch strain predicts a steep strain gradient 
starting at room temperature which decreases with a reduction in temperature, 
caused by the convergence of the graphene and silicon TECs when approaching 




𝑇2,    (3.4) 
where 𝑚 is the gradient of the straight-line fit in figure 3-5 (dashed line). 
 
Figure 3-6: Comparison of the resultant strain of the three different order fits of the αSi-αgraphene line in figure 
3-5. Black line: first order fit, red dashed line: second order fit, blue dotted line: sixth order fit. 
 
3.2 Two and three layer graphene 
The negative TEC of graphene is caused by the occurrence of out-of-plane 
phonon vibrational modes.20 Therefore, any changes in these phonon energies 
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caused by stacking graphene layers will affect the resultant in-plane TEC of the 
stack. The Grüneisen parameter of two-layer graphene is predicted to be less 
negative than for single layer graphene.94 This reduction in the relation between 
changing phonon energy and lattice volume is expected to result in multilayer 
graphene having a less negative TEC than the single layer case. The two- and 
three-layer graphene TEC is therefore expected to have values somewhere 
between those for single layer graphene and graphite.94 Graphite has a negative 
TEC over the temperature range studied, but with a significantly lower 
magnitude.20 This is brought about by the stacked graphene inhibiting the out of 
plane vibration modes of the individual layers. A direct measure of multi-layered 
graphene TEC has not yet been performed to confirm this. 
Doping shifts and effects have been shown to behave similarly for single- and 
multi-layered graphene. However, due to the 2D definition of doping 
concentration, the dopants are distributed between the layers and the magnitude 
of the Raman doping shift is thus divided by the number of layers.95 
3.3 Graphene with h-BN substrate 
As a 2D material comparable to graphene, hexagonal boron nitride (h-BN) offers 
a substrate with a matching structure to graphene within 1.7%.96 An ultra-flat 
substrate with a matching smoothness to graphene could have significantly 
enhanced surface contact effects compared to a rougher SiO2 surface. As well 
as increasing the Van der Waals forces and pinning effects, the closely matching 
lattice structure may interfere with the graphene transverse phonon modes. In 
comparison, semi-conforming graphene on an uneven SiO2 surface easily allows 
the graphene phonons to freely oscillate perpendicular to the surface plane. 
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Therefore, a sufficiently flat substrate, matching graphene, could shift the energy 
of or entirely suppress these phonons by being physically blocked. This blocking 
of transverse phonons would change the TEC of graphene, reducing or removing 
the negative contribution from these phonons. 
The unit cell similarity between graphene and h-BN causes lattice matching 
between the two, usually by graphene conforming to the lattice parameter of a 
bulk h-BN substrate. The resultant Moiré pattern distributes this strain in large, 
tensile-strained regions with lattice matching and boundaries between the 
matched regions with a compensating compressive strain.96 These nanometre-
scale strain patterns should result in a broader Raman G and 2D peak in 
comparison to suspended graphene flakes. 
The roughness of an h-BN surface is itself partially dependent on the underlying 
substrate roughness. h-BN has an attenuating effect with thickness on this 
underlying surface roughness.83 For a graphene/h-BN device built on a Si/SiO2 
substrate, the roughness of the h-BN surface was shown to modify the roughness 
of the underlying substrate by a factor of 
1
𝑟
, where  
𝑟 = 1 + 0.129ℎ,    (3.5) 
where ℎ is the height of h-BN thickness in nm. This would ideally require the 
selection of h-BN crystals of at least twenty layers to achieve a smoothing of an 







The manner in which samples are prepared and fabricated could have a 
significant effect on the strain results that are expected. These variations are 
difficult to measure as the predicted effects are similar to those caused by other 
known phenomena. For example: G peak broadening is caused by both 
inhomogeneous strain and lower doping concentrations, and both may change 
between samples if substrate-induced strain and doping are inconsistent. 
The approximation of the expected strain caused by the TEC difference between 
the graphene and silicon substrate is used for comparison with strain 
measurements using Raman spectroscopy in chapter 5. This prediction ignores 
the possibility of slipping, crumpling or surface roughness effects and therefore 
should be the theoretical maximum strain over this temperature range, as these 
effects serve to reduce the resultant graphene strain. 
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4 Sample manufacture and 
experimental techniques 
 
This chapter covers the methods by which the graphene samples used in this study 
were manufactured. The chapter begins with describing the manufacture of single-
crystal graphene flakes and the methods by which the flakes were shaped and made 
into contacted devices. The design criteria used to ensure standardised and directly 
comparable devices is also covered. 
The experimental techniques are covered in the second half of this chapter. This 
details the methods used for temperature dependent Raman measurements of 
single and multi-layer samples. This consists of the cryostat cooling, excitation laser, 
and spectrometer measurement systems. The methods used to calibrate and 
improve the resultant detector signal with these systems is then elaborated upon. 
4.1 Mechanical exfoliation 
The graphene samples used in this study were manufactured by mechanical 
exfoliation as it produces large quality single-crystal flakes with length scales of 1-
10 μm. These samples sizes are suitable for optical microscopy while avoiding 
signals from flake and contact edge effects. Using bulk crystals of highly ordered 
pyrolytic graphite (HOPG) as the exfoliation material allowed for large, single-domain 
graphene flakes to be cleaved. Two sheets of low-tack cleanroom tape with an 
acrylic adhesive were used to exfoliate a fragment from a larger HOPG crystal for 
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10-20 cycles to disperse the graphite to a surface area similar to that of the final 
substrate. The substrate is pre-heated to 90 °C before the graphite-tape is pressed 
onto the surface to transfer the material to the substrate surface. The substrates 
used were a silicon (Si) base of 0.5 mm thickness with a 295 nm thick oxide layer 
(SiO2) on the top surface. The Si base was n-doped to a concentration of 4-7x1019 
cm–3. Prior to graphene transfer, the oxide surface is pre-treated with an oxygen-
argon (O2:Ar) plasma which removed surface contaminants without etching the SiO2 
layer. This prevents the trapping of contaminants between the graphene and 
substrate, which dopes the graphene and affects the surface contact forces. 
4.2 Graphene identification 
 
Figure 4-1: Thickness difference between graphene (∆ℎ) plus oxide layer (left) and oxide layer (right) in terms 
of the constructive interference wavelength, 𝜆.  
  
Graphene flakes were searched for manually by microscope, however the thickness 
of graphene causes it to present a very low optical contrast. The reflective substrate 
and transparent oxide layer creates thin film interference at visible wavelengths, 
allowing for easier graphene identification by the difference it causes in the 








λ + ∆ℎ 
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enhancement boosts the apparent contrast of individual graphene layers to 5-6%. 
Graphene identification is performed either by contrast or colour variation. Contrast 
variation uses a monochromatic green light (560-520 nm) to enhance the contrast 
difference of graphene which has less constructive interference at this wavelength 
than the bare substrate. Colour variation uses broadband illumination to observe the 
colour difference caused by the change in the constructive interference 
wavelength.31 Identified graphene and multilayered graphene were then 
independently confirmed and classified by their Raman fingerprint, as shown in 
figures 2-13, 2-15, and 2-16. 
4.3 Graphene and substrate etching 
  
Figure 4-2: (left) Graphene flake as exfoliated. (right) Graphene flake (red box) isolated from multilayers and 
bulk graphite, and re-shaped by CHF3 plasma etching. The lighter substrate regions show where the oxide 
layer thickness has been reduced by etching. 
 
To avoid unintended pinning effects, the identified graphene was isolated from the 
surrounding graphite. Reactive ion etching (RIE) was used to isolate graphene 
flakes, form the flakes into regular rectangular shapes, and to create “nail holes” for 
















figure 4-2. A trifluoromethane (CHF3) gas mix of CHF3:O2:Ar  was used to create a 
high-fluoride reactive plasma capable of etching both graphite and SiO2, allowing for 
the simultaneous etching of the sample shape and nail holes in the same 
manufacturing step. To selectively etch sample areas, a 350 nm polymethyl 
methacrylate (PMMA) etch mask was created using electron beam lithography, 
chosen for its ability to achieve high resolution writing.  
 
Figure 4-3: (a) PMMA polymer coating (light blue) of a graphene flake (dark blue) and Si (grey) substrate with 
an SiO2 oxide layer (green). (b) Electron beam lithography of selected PMMA regions (blue hatching). (c) RIE 
etching with high-fluorine gas (red hatching). 
 
The PMMA was deposited in solution and spin-coated before drying to ensure an 
even thickness. An electron beam writing pattern was created in 2D modelling 
software. The designs were scaled and positioned using optical images of the 
samples and calibration markers on the substrate. The electron beam was 









the positive-resist PMMA through its entire thickness. The beam was focused on the 
desired regions using magnetic lenses as in scanning electron microscopy (SEM). 
These exposed PMMA regions are then removed with a selective solvent, leaving 
the un-exposed PMMA as a sacrificial layer for the etching process. After etching, 
the remaining PMMA is removed with a stronger solvent. The described etch process 
is depicted in figure 4-3. 
The reactivity of the fluorine ions from the CHF3 gas was observed to induce a 
significant heat buildup at the sample surface causing cross-linking of the PMMA 
polymer in the sacrificial layer. This led to sample contamination by insoluble 
polymer films, covering the sample area (figure 4-4). The insoluble films could be 
avoided by lowering reactive ion etch rate. This was achieved both by lowering the 
power of the ionising radio frequency (RF) field, and by lowering the amount of CHF3 
either by lowering the total chamber pressure or gas ratio. A SiO2 etch rate of 4 nm 
over 30 seconds, with 5 minute stabilization periods was used to etch 20 nm nail 
holes without insoluble polymer buildups. 
 
Figure 4-4: Insoluble PMMA polymer film, randomly folded during the removal of PMMA after etching. The films 









4.4 Device designs 
4.4.1 Contact designs 
A two-point contact design was employed to investigate contact pinning effects, due 
to the relative simplicity of manufacture across a range of graphene flake geometries 
and sizes from 6 μm to 20 μm. To maintain parity with equivalent transport devices, 
gold (Au) contacts were used. Chosen for its high conductivity, the chemical 
inertness of gold makes it additionally desirable for long-lasting devices. However, 
to reliably adhere to SiO2, gold requires a wetting layer. For this study, chromium 
(Cr) was used. The contacts were positioned along opposite sides of the graphene 
flakes, with parallel edges. The contact edges were also aligned to be as 
perpendicular to the exposed edges of the graphene flakes as possible. 
4.4.2 Si substrates 
 
Figure 4-5: Completed device of the graphene flake from figure 4-2 in the “contacted” design style. The 20 nm 






Three device styles were created for graphene flakes on SiO2 surfaced substrates: 
uncontacted, contacted, and nail-contacted devices. Uncontacted graphene 
samples were made from flakes of at least 6 μm in diameter and were created by 
simply isolating the graphene flake from the surrounding material as shown in 
figure 4-2. 
 
Figure 4-6: Cr/Au contact schematic for Si/SiO2 devices. Au contacts (yellow) are deposited on top of the 
graphene (blue) and SiO2 (green), with a chromium (red) wetting layer. The Si substrate is grey. 
 
As with uncontacted samples, contacted and nail-contacted graphene are at first 
also isolated from the surrounding material by etching. The graphene contacts 
designs allowed for at least 1 μm of overlap between the contact and graphene, and 
a 6 μm gap between two contact edges (figure 4-5). In order to maintain an Au-
graphene interface, the contact metal was deposited in two stages: first the 
deposition of 20 nm of gold on top of the contact-graphene overlap region, second 
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the deposition of 5 nm chromium and 100 nm of gold over the entire area of the 
contact design (figure 4-6). This ensures the direct Au-graphene top-contact while 
allowing for the adhesive chromium wetting layer for the Au-SiO2 interface. This also 
maintains parity with the metal layering for the nailed contact samples. 
The nailed contact samples, discussed in section 3.1.2, are designed and fabricated 
in a similar manner to the contacted samples, but with a difference in the substrate 
etching stage. In addition to isolating the flake, a series of round holes are also 
etched through the graphene and substrate, 0.3 μm diameter with a 2 μm spacing, 
under the gold-graphene region, parallel to the contact edge. As per section 4.3, 
these holes were 20 nm deep and were filled in with gold during the first deposition 
stage of thermal evaporation. 
4.4.3 h-BN devices 
The process of stacking graphene on hexagonal boron nitride (h-BN) resulted in 
some differences in contact design and manufacture. h-BN flakes were 
manufactured by mechanical exfoliation onto a Si/SiO2 substrate using the same 
process as graphene, but with fewer exfoliation cycles (5-10). In order to be stacked, 
the exfoliated graphene was deposited on top of a substrate with a polymer stack of 
polyvinyl alcohol (PVA) and PMMA instead of directly onto a Si/SiO2 substrate. 
Graphene flakes are then lifted off the substrate by dissolving the PVA layer with 
drop-casted water, leaving the graphene on a free-floating PMMA film. The film and 
was then lifted by the edges, inverted, and the graphene and h-BN flake were aligned 
before stamping the film on to the h-BN substrate. The PMMA film was then used as 
the deposition mask for a set of 5 nm chromium and 100 nm gold contacts directly 
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on to the graphene and substrate. This is done to pin the graphene to the substrate 
prior to the PMMA film removal to prevent the loss of the graphene flake               
(figure 4-7). This requirement means that graphene on h-BN substrates were not 
made with the uncontacted and nailed configuration, and are only directly 
comparable to contacted graphene on SiO2 substrates. 
 
Figure 4-7: Cr/Au contact schematic for h-BN substrate devices. In this case, the chromium (red) wetting layer 
is deposited directly onto the graphene (blue) and SiO2 (green). The Au (yellow) is then deposited in a single 
stage on top. The graphene sits on a h-BN stack (cyan), and the Si substrate is grey. 
4.5 Metal deposition 
Both metal contacts were deposited using thermal evaporation. As with etching, the 
metal contact geometry was again designed and aligned with 2D modelling software, 
and the mask written by electron beam lithography. This time, the 350 nm PMMA 
film served as a deposition mask, allowing metal to be deposited up to the polymer 
thickness. Masked samples were mounted above a receptacle holding the 
deposition material. The gold and chromium were then evaporated in a high vacuum 
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chamber (10–5–10–6 mbar) using an electrical heating filament. The high vacuum 
environment allows the metals to evaporate at significantly lower temperatures, for 
example, the boiling point of gold became ~900 K. Additionally, the high vacuum 
environment increases the mean free path of gaseous atoms to a length larger than 
that of the chamber dimensions, creating a ballistic trajectory between the material 
receptacles and sample surface. This allows the evaporated metal to deposits evenly 
on the sample surface. The deposition thickness is measured by a piezoelectric 
resonator also in the path of the deposition. 
4.6 Cryostat 
4.6.1 Properties 
A cryostat with a short distance between the sample and viewing window was 
required in order to perform microscopy, therefore an Oxford Instruments 
MicrostatHe helium flow cryostat was used. The cold finger configuration allows the 
cryostat external viewing window to be closer to the sample compared to a cryostat 
where the cryogen is in contact with the sample. The sample-window distance is 
reduced by only requiring the insulating vacuum layer between the sample and the 
outer wall, also removing the need for the window to be impervious to liquid helium. 
For the cryostat used in these experiments, the distance between the front and back 
windows of the sample chamber was 22 mm. The distance was short enough to 
allow for optical microscopy using a long working distance lens, with a 50 times 
magnification factor and 17 mm focal length. The lens was used as the objective 
lens for both the excitation laser and emitted Raman signal. The laser itself was 
64 
 
aimed onto the objective and sample using a mirror small enough to prevent blocking 
of the majority of the Raman signal in its path from the sample to the spectrometer. 
Cooling was achieved using a continuous flow of liquid helium to the copper cold 
finger, which cools the attached sample by conduction (figure 4-8). This allows for a 
minimum stable temperature of 4.2 K, with the possibility of temporarily reaching 
lower temperatures by inducing He evaporation. Higher temperatures were 
maintained by counteracting the cooling of the He flow with a resistive heating 
element, located near the end of the cold finger between the He flow and the sample   
 
Figure 4-8: Cryostat and objective lens configuration. The incoming laser (green arrow) passes through the 
objective lens onto the sample (black), and the Raman signal (black arrows) is collected by the same lens and 
is sent to the spectrometer. 
 
space (figure 4-8). Any temperature between 300 and 4.2 K could be reached first 
through coarse adjustments of the flow regulating valve on the helium input and then 















Instruments intelligent temperature controller (ITC). The ITC is a proportional-
integral-differential (PID) controller, automatically adjusting the heating current 
based on a temperature sensor in the cold finger, located next to the heating element 
(figure 4-8). Due to the location of the temperature sensor and the heater to the 
sample and He input, a temperature stabilisation delay was required to allow the 
sample to reach temperature equilibrium with the sensor. 
Samples were attached to the cold finger using a rubber latex glue deposited in a 
heptane solvent, which, when dry, is resistant to both vacuum and low temperature 
conditions. The latex also maintains sufficient flexibility at low temperatures for 
samples to avoid differential thermal contraction effects between the samples and 
the cold finger. To achieve a consistent sample orientation and maintain maximum 
thermal contact between samples and the holder, samples were glued along the 
sample top and bottom edge, allowing direct copper (Cu) to silicon (Si) thermal 
contact. Glue deposits between the sample and holder would not only reduce the 
thermal conductivity from copper to silicon, but introduce a varying sample tilt with 
respect to the holder. 
4.6.2 Stage mounting 
The cryostat was suspended in front of the laser path from a three-axis translation 
stage. The stage clamped to the cryostat near the points where the vacuum and 
helium lines attached to the cryostat to reduce torque from external movement. The 
sample holder was designed such that the sample was mounted offset to the cryostat 
centre line and closer to the viewing window. This ensured that long working distance 
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objectives would remain clear of physical contact with the viewing window, 
preventing breakages. 
The laser was aimed at the sample with the assistance of a video microscope, 
inserted between the laser mirror and spectrometer in figure 4-8. This equipment 
positioning allowed the sample to be viewed under bright field illumination while at 
the same time observing the laser spot position. The laser spot was measured using 
known feature lengths to be at least 6 μm along its shortest diameter. This gave the 
lower limit of graphene sample size in order to select areas free from flake edge 
effects and metal deposition strains. 
4.6.3 Vibration damping 
Significant sample vibrations were caused by both the vacuum pump and the helium 
flow pump oscillations. At the micron scale of the graphene samples, these vibrations 
made maintaining laser accuracy impossible. Vacuum pump vibrations could be 
avoided by not pumping during measurements as the cryostat was able to maintain 
vacuum pressures below 10–4 mbar for the 8 hour experiment duration, sufficient to 
maintain the required insulation of the vacuum chamber. Clamping of both the 
pumping and helium flow lines to a large stabilising mass proved to sufficiently damp 
oscillations from both sources such that they were not observable under microscope 
magnification. 
The flow rates required for temperatures below 6 K caused inconsistent sample 
oscillations with the same period as the temperature oscillations, which could not be 
consistently damped. This prevented samples being measured below these 
temperatures. Avoiding the temperature range below 6 K is not disruptive as the 
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thermal expansion differential between graphene and silicon from 4.2 K to 6 K is 
significantly less than at any other temperature. The temperature range <10 K is 
predicted to have an insignificant effect on total strain as demonstrated in              
figure 3-6. 
4.7 Laser 
A Uniphase 2214-25MLYVW argon ion (Ar+) laser, filtered to output at the 514.5 nm 
emission line was used for Raman excitation. The laser output was heavily filtered 
with three bandpass filters with an attenuation factor of 106 outside the bandpass 
width of 3 nm, to remove fluorescence emissions from minor Ar+ transitions. The 
heavy filtering was necessary as these satellite emissions ranged from an equal to 
significantly greater intensity than the graphene Raman signals being studied. At the 
filtered wavelength, the laser output a power of 24 mW as measured at the laser 
output by the heating a thermopile sensor, after the bandpass filters and without any 
neutral density (ND) filters. All incident powers quoted in this study were measured 
from this position, before the mirror and objective in figure 4-8. The laser power was 
adjusted by placing ND filters after the bandpass filters, with the laser always 
operating at maximum power output. The laser was primarily linearly polarised with 
an 80:20 ratio between orthogonal polarisations, where 80% was the maximum 
output at any polarisation orientation. 
An excitation wavelength shorter than 600 nm was selected for this experiment to 
avoid the broad silicon infrared photoluminescence (PL) signal from the sample 
substrate. The tail end of which is significant in magnitude compared to the graphene 
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Raman signal and adds a distorting, nonlinear background to the signal, such as 
when using a 795 nm wavelength laser. 
4.7.1 Laser damage 
In addition to the unintentional laser heating effects, described in previously, the 
Raman laser power must also be limited to prevent sample damage caused by laser 
exposure. Exposure to laser powers above 7 mW caused visible discolorations of 
smaller size than the laser spot on the surface on graphene samples, after 8-18 
hours of accumulated exposure.  
 
  
Figure 4-9: Before (a) and after (b) effect of laser-induced damage on the 2D Raman peak of the graphene 
sample shown in figure 4-10 (c). The G peak also undergoes the same distortion. 
 
The damage is also indicated by a change in the background signal of the measured 
Raman spectra as shown in figure 4-9: a general increase in background level and 







to be dictated by sample size, as smaller samples have limited heat dissipation or 
because it forces repeated laser exposure on the same location. The onset and 
extent of damage appears independent of cumulative laser exposure. The 
progression of the discolouration is displayed in figure 4-10. The discoloration is a 
change in the interference length of the light reflected off the silicon substrate base, 
therefore the combined thickness of the sample and silicon oxide layer is changed 
in this damage process. 
   
Figure 4-10: Left to right: progression of the visible discoloration caused by laser exposure given by examples 
across three different samples. (a) Nailed graphene after 2130 mins. of cumulative exposure, (b) contacted 
graphene after 330 mins. of cumulative exposure and (c) uncontacted graphene after 680 mins. of cumulative 
exposure. 
 
4.7.2 AFM analysis 
The microscope image cannot determine if the laser-induced damage features are 
protruding or recessed from the graphene surface, only that there is a height 
difference. Therefore the features were measured using an AFM (atomic force 
microscope, section 2.5) to determine their height profile, using an 8 nm radius probe 























Figure 4-11: AFM micrograph of damage of figure 3-10 (c). The grey line denotes the AFM tip path for the 1D 
height profile measurement. 
 
The measurements in Figure 4-11 found that the damaged regions are significantly 
raised above the surface of the graphene and sample. The damage has a peak 
height of 680 nm above the graphene surface height, as measured in the 1D height 
profile from figure 4-11. Peak heights of 50 nm and 250 nm above the graphene 
were also observed for the samples in figure 4-10 (a) and (b) respectively. These 
results demonstrate that this sample damage is not a laser ablation process, but 
more likely an induced chemical reaction within the sample. The samples were 
measured in vacuum conditions: 10–5–10–6 mbar, making chemical reactions with air 
molecules unlikely. 
4.7.3 SEM analysis 
The damaged regions were also analysed with an SEM (scanning electron 
microscope, section 2.6) to determine their elemental composition using EDS 
(electron diffraction spectroscopy) in an attempt to determine the nature of the 
sample damage, shown in figure 4-12. The improved resolution of the SEM reveals 







the laser excitation wavelength (514.5 nm) and are hemispherical in shape. This 
again suggests a chemical reaction is responsible, as heating damage should not 
be concentrated to an area smaller than the heating mechanism. 
 
Figure 4-12: SEM image of the sample in figure 3-10 (c) and figure 3-11. Specific damage from EDS sampling 
is highlighted with a red circle. 
 
A series of EDS sampling points, using a 10 kV electron acceleration potential, were 
taken across the sample in figure 4-12: 10 on the damaged regions, 10 on the 
graphene regions and 6 control points on the bare Si/SiO2 substrate. All sampling 
points detected silicon, oxygen and carbon atoms in varying ratios, which rules out 
reactions with atmospheric nitrogen. The detection of carbon atoms away from the 
graphene region is attributed to the sampling area of the EDS being significantly 
larger than the damage features it creates (figure 4-12, red circle) and thus 
overlapping graphene regions to some extent in all cases. This also makes the 
differences between the damaged and undamaged regions difficult to resolve due to 
overlapping sampling areas. This results in the carbon ratio, by number of atoms, to 
be 42.6 ± 0.6 % on the bare substrate, 59 ± 2 % on graphene, and 63 ± 0.4 % on 
damaged areas, with silicon and oxygen ratios exhibiting an inverse trend. The 




It is unlikely that these raised regions are depositions due to the vacuum 
environment and more likely created by a re-structuring of the existing sample and 
substrate material present. 
As mentioned in section 2.6, EDS analysis of elements lighter than neon can be 
unreliable due to the proximity between inner and outer shell electrons. Therefore, 
these measurements should not be taken as absolute atomic ratios. Further 
measurements of graphene are made at lower laser powers (3-7 mW). The lower 
power significantly reduces the incidence of damage to around one in twelve, but 
does not prevent it in every case. This was an acceptable improvement in failure 
rate, previously 100%, while maintaining an acceptable signal to noise ratio. Results 
in these damage cases have been removed from further analysis. 
4.8 Calibration 
4.8.1 ITC calibration 
The ITC control was calibrated for the rhodium-iron (RhFe) resistance thermal 
sensor in the cryostat using a variable resistor. The resistor was used in the place of 
the thermometer in the ITC circuit to manually input the temperature-resistance 
profile required for the ITC calibration. The RhFe resistance profile was previously 
measured by fitting a standard RhFe temperature-resistance curve to a three-point 
resistance measurement of the thermocouple, spanning the temperature range of 
the thermal sensor of 500 K to 3 K. This resulted in a temperature uncertainty of ± 2 
K at 500 K and ± 0.05 at 3 K. 
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4.8.2 Spectrometer calibration 
A two-stage spectrometer was used to measure the Raman signals, which used a 
dispersive diffraction grating to select the wavelength measured by a charge-
coupled device (CCD). The CCD had square pixels with a side length of 25 μm, 
which gave a resolution of 0.008 nm per pixel. The spectral range across the entire 
CCD for a static exposure was therefore 4.3 nm (491 pix.), and the range for a 
Raman spectra was between 150 cm–1, at a 1400 cm–1 shift from the 514.5 nm laser 
wavelength, and 130 cm–1, at a 2700 cm–1 shift from the laser. The difference in 
spectral ranges at different Raman shifts is caused by CCD capturing a constant 
wavelength range at all wavelengths. These spectral ranges were broad enough to 
capture any one of the graphene and multilayer Raman peaks in a single CCD 
exposure. The spectrometer diffraction grating angle was calibrated using the 
emission lines of a mercury (Hg) lamp. Calibration was performed using the 546.1 
nm, 578.2 nm, and 576.96 nm mercury lines, due to their wavelength proximity to 
the graphene G (560.2 nm) and 2D (597.5 nm) Raman shifts from the laser 
wavelength used. 
Calibration drifts of up to 7 cm–1, for both G and 2D graphene Raman peaks, were 
observed and corrected during the course of the experiment. If present when 
performing the correlation method from section 2.3.6, this calibration offset would 
resemble a shift in the overall doping level in the sample. This is because doping 
shifts the G and 2D peaks by a similar amount to each other, unlike strain which 
causes an inequivalent peak shift. Therefore, a correlation offset would not result in 
an error in strain, but an incorrect shift to the doping magnitude. 
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4.8.3 Signal to noise intensity 
The signal to noise ratio was optimised through adjustments of the experimental 
equipment: the laser power, beam path, spectrometer entrance slit width and CCD 
exposure time were used to increase signal strength. 
The Raman signal could be linearly increased with an increase in the incident laser 
power, however, the power had to be balanced against laser heating effects reducing 
sample temperature accuracy.97 Assuming thermal contact between the sample and 
cold finger, it was estimated that laser powers below 10 mW would cause heating of 
less than 3 K at cryogenic helium temperature (4.2 K), where the thermal conductivity 
of the substrate is the lowest.98 This was confirmed by observing no change in peak 
behaviour around the 4.2 K low temperature limit when the laser power was varied 
from 14 mW to 3 mW. The presence of laser heating would be expected to introduce 
an effective minimum temperature at the sample surface and prevent changes of the 
observed Raman trends when decreasing the temperature further. 
The mirror position in figure 4-8 was adjusted to maximise the Raman signal 
reaching the spectrometer. By reflecting the laser beam off the corner of the mirror, 
the rest of the mirror was positioned out of the signal path between the objective and 
the spectrometer. A conventional beam splitter is not able to provide more than 
100 % combined throughput of the laser and signal which is achievable with this 
mirror system. 
The spectrometer entrance aperture width determines both the amount of signal that 
enters the spectrometer, and also the permitted range of incident angles of the signal 
through the entrance. This allowed for the total signal incident on the CCD detector 
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to be increased at the cost of wavelength resolution at the CCD due to the increase 
in focal points at the spectrometer entrance.  
 
Figure 4-13: Effect of widening spectrometer aperture slits. (a) Perfect point-source slits (black) focus 
monochromatic light onto the same point of the CCD when reflecting off the diffraction grating. (b) An entrance 
slit of finite width creates a continuum of focal points at the slit and CCD. This causes multiple pixels to be 
illuminated by the same photon wavelength. 
 
This broadening is insignificant when it is less than that of the natural spectral peak 
width being measured. For example, the graphene Raman G peak from figure 2-13 
has a peak width of 13 cm–1 (0.42 nm). Therefore, artificial peak broadening was 
minimised while maximising signal by using a slit width of 300 μm. This width gave 
an approximate peak broadening of 0.25 nm, which is less than the FWHM of the G 
peak signal. 
Increasing the CCD exposure time is the means of increasing the signal-to-noise 
ratio that does not have a quality trade-off. Taking a longer average of incident 
photons increases the dominance of the consistent Raman signal over the random 
nose. The signal to noise improvement should scale as a function of square root of 
the collection time, as with the error of an average. Including the previous signal to 
noise calibrations, an exposure time of 5 minutes gave an acceptable ratio of peak 
intensity to noise magnitude of ≥ 7, with minor improvements using longer exposure 
times. However, there was a hardware saturation limit with exposure time: the CCD 




cumulative maximum number of photon counts a pixel could store before saturating. 




,    (1) 
where 𝑡 has been changed from chapter 1 to now be the maximum exposure time, 
𝐼 is the intensity rate of the signal in the inverse units of the exposure time, and 𝑐0 is 
the maximum cumulative pixel count of 32000. While this upper limit did not affect 
Raman measurements (𝑠 = 4 hours), it was an issue during spectrometer alignment 
measurements where maximum laser powers and signal strengths were required. 
4.8.4 Spectrometer alignment 
Spectrometer and laser alignment was achieved using the fluorescent polymer F8BT 
(Poly[9,9-dioctylfluorene-alt-benzothiadiazole]) which has a band gap in the visible 
spectrum of a different wavelength to the laser. F8BT was drop-cast in solution onto 
a bare region of the graphene device substrates at a concentration of 25 mg ml–1. 
This created an emissive film coating which, unlike Raman or Si PL signals, was 
visibly distinguishable from the reflected laser beam and originated from the same 
plane and orientation as the graphene sample would be. Maximising the F8BT PL 
signal at the spectrometer was sufficient to observe a graphite Raman signal at the 
maximum laser output. The graphite Raman signal was then similarly maximised, 






The fabrication processes detailed in this chapter of the un-contacted, contacted and 
nailed-contact samples are the means by which all samples measured in this study 
were made. These devices allowed for a comparison between the typical methods 
used for optical spectroscopy of graphene, an uncontacted flake, and that of 
electronic measurements, using metal contacts.  
The laser induced sample damage was not expected as only incorrect temperature 
measurement was predicted from laser heating. The further analysis of the affected 
regions was inconclusive as to the exact mechanism of the damage beyond laser 
exposure. 
The cryostat and spectrometer were adjusted to optimise the Raman signal from 
graphene samples. This resulted in a required exposure times of 5-10 minutes to 
obtain a satisfactory signal to noise ratio. The optimisation was necessary because 
the narrow angular aperture of the long working distance objective lens did not 





This chapter starts with covering the Raman spectroscopy measurements 
performed on one to three layer graphene on SiO2 substrates. The strain 
behaviour with temperature (T) of these materials is examined and thermal 
expansion coefficients (TECs) of the samples are calculated. A comparison 
between the directions of temperature change is made, in addition to the 
differences in sample designs from section 4.4. 
The correlation of spectral peaks from section 2.3.6 allows doping concentrations 
to be analysed in tandem with strain. Additional means of calculating dopant 
concentration from Raman spectra, described in section 2.3.4, are then employed 
to confirm these results. 
The chapter then concludes with a preliminary study into the effects replacing the 
SiO2 substrates with h-BN was made. Observations are then made about how 
significant an effect the flatter substrate has on the resultant strain and TEC of 
graphene. 
5.1 Monolayer graphene 
This section deals with the Raman measurements of monolayer graphene, and 
the processes used to calculate the strain, Thermal expansion coefficient and 
doping from this data. The nature and magnitude of the strain are discussed with 
respect to the theoretical predictions and the TEC is compared to theoretical 
calculations. From now on, graphene will be referred to as monolayer graphene 
to differentiate it between bilayer and tri-layer graphene. 
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5.1.1 Raman spectroscopy 
Using the apparatus described in chapter 4, the characteristic G and 2D Raman 
peaks are measured in runs between room temperature to near liquid helium 
temperatures of 4-6 K in two directions. Method 1 consisted of starting at room 
temperature, cooling the sample slowly over the course of 8 hours down to 4-6 K, 
stopping to take Raman spectra during the cool down. Alternatively, in Method 2 
the sample was quickly cooled to liquid helium temperatures in 10-15 minutes, 
the temperature was then allowed to stabilise for 30-60 minutes and slowly 
increased over 8 hours, taking Raman spectra in the same manner as before. 
This allowed the entire temperature range to be covered while maintaining a 
delay before each measurement is taken for temperature equilibration between 
the sensor and sample. Results are categorised by sample type as manufactured: 
“Uncontacted”, “Contacted” and “Nailed” describing the contact design used for 
each sample from section 4.4. 


















All three device types were made out of a single monolayer flake in order to test 
the different pinning effects they may create: “Uncontacted”, “Contacted” and 
“Nailed”. Figure 5-1 shows the initial flake and finished devices. This triple-sample 
flake will be used to demonstrate the process of obtaining strain, TEC and doping 
data. 
Raman spectroscopy 
These three samples were measured using Method 1, taking 30 K incremental 
steps down from room temperature, with a 20 minute delay at each increment 
before measuring to allow for temperature stabilisation. The Raman spectra were 
taken from the 514.5 nm laser described in section 4.7 at 3 mW output, an 
exposure time of 5 minutes and a spectral range of 130 cm–1 at the spectrometer. 
Figures 5-2 to 5-4 show a representative selection of the G and 2D Raman 




Figure 5-2: 2D (a) and G (b) peaks of the “uncontacted” monolayer sample as temperature is 
changed from 293 K down to 5 K. The red dashed lines show the Lorentzian functions which were fit 







All three device types exhibit a Lorentzian 2D and G peak at the frequency shift 
values expected from section 2.3.2. The 2D peak width is ~21 cm–1 at half 
intensity (FWHM), and is 1.4 times greater in height than the G peak, of ~6 cm–1 
FWHM. These values are consistent with monolayer graphene with some level 
Figure 5-3: G (a) and 2D (b) peaks of the “contacted” monolayer sample as temperature is changed 
from 293 K down to 5 K. 
(a) (b) 
Figure 5-4: G (a) and 2D (b) peaks of the “nailed” monolayer sample as temperature is changed 




of doping, induced by the manufacture process.61,63,70,75,99-101 The peak 
characteristics do not exhibit any significant differences between the three 
contact types. The sharp spike spectral features arise from laser fluorescence 
lines and specular reflection off gold contacts, and are always present with 
varying intensity. Non-repeated peaks arise from random noise such as cosmic 
rays. 
The Raman 2D and G peaks both show an increase in Raman shift energy with 
decreasing temperature which, as discussed in section 2.3.3, can be caused by 
an increase in compressive strain;12-14,44,45,80 a shift in the doping level away from 
the Dirac point;57,72 or temperature effects on the phonon anharmonic 
interactions.71 A uniaxial strain breaks the degeneracy of orthogonal phonon 
vibrational directions, resulting in a split of both the 2D and G peaks.12-14,65,66 This 
could be expected if the sample contacts were pulling or pushing on the graphene 
flakes along one axis, such as in the two-point contact geometries investigated. 
The Raman peak shape does not show this broadening or splitting with 
temperature, thus any strain measured is caused by an isotropic strain induced 
by the substrate’s contact with the graphene. 
5.1.2 Temperature dependence of peak position 
The 2D and G peaks were modelled as a Lorentzian function, equation (5.1), and 






4(𝑥 − 𝑥0)2 + 𝑤2
,       (5.1) 
where 𝐴, 𝑤 and 𝑥0 are the fitting parameters relating to the peak area, full width 
half maximum (FWHM) and central maximum position respectively. The Raman 
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energy shift value was taken from the 𝑥0 fitting parameter. The peak positions 






Figure 5-5: “Uncontacted” monolayer graphene 2D (a) and G (b) peak position with changing temperature. 
(a) (b) 





All three samples show an increase in the Raman shift energy with decreasing 
temperature, for both 2D and G peaks, which is consistent with previous Raman 
measurements of this type.46-48,55,102 Both peak positions also exhibit a non-linear 
change in Raman shift with temperature. This has also been observed in previous 
measurements and attributed to slipping or crumpling when the force required to 
strain the graphene becomes greater than the Van der Waals force between the 
graphene and substrate.47,48 The error bars were calculated from the uncertainty 
in the Lorentzian fit to the spectral data. Additionally, the unusually large 
uncertainty in the uncontacted sample was the result of cosmic ray noise, 
coincident with the Raman peak position. 
All three samples show scatter in individual peak positions, but in general exhibit 
a peak shift of 9-10 cm–1 for the 2D peak and 6-7 cm–1 for the G peak over the 
whole temperature range. 




5.1.3 Strain – doping separation 
 
In order to extract the strain-only component of the peak positions the 2D/G peak 
correlation method is used, as described in section 2.3.6.47,50,78 First, the 
independent contribution of the anharmonic phonon shift to the G peak is 
subtracted from the data, which has a magnitude of 3.4 cm–1 between zero Kelvin 
and room temperature.47,48,71,76 Since this contributes ~50% of the total peak shift, 
it must be taken into account. The theoretical prediction of the phonon shift was 
fitted with a third order polynomial and subtracted from the measured G peak shift 
points. The 2D phonon temperature shift is not accounted for as the magnitude 
of the shift over the investigated temperature range, < 2cm–1, is much less than 
the peak shift caused by other contributions.47,76 This caused the theoretical 2D 
phonon shift to have a contribution to the resultant strain and doping values less 
than the final uncertainty range. The modified peak positions are shown in figure 
5-8, in the style of a correlation plot. 
The strain and doping components are identified by their different effects on either 
the 2D or G peak positions. Strains cause a shift in the 2D peak position between 
Figure 5-8: Before, (a), and after, (b), the G peak phonon shift contribution is removed from the correlation 




2.2 and 2.8 times larger than the corresponding shift in the G peak 
position.44,45,78-80 Any strain-only peak shift in monolayer graphene should 
therefore only move the peak correlation position along a line with a gradient of 
2.45. Equivalently, hole doping, or decrease in the Fermi energy causes a shift in 
the 2D peak that is 0.7 times that of the shift of the G peak.70,78 Electron doping, 
or increases in the Fermi level, cause a shift in the 2D peak that is 0.26 times the 
G peak shift.70,78 The differences in electron and hole doping were found not to 
significantly change the final strain dependences calculated, determined in 
section 5.1.9. Additionally, hole doping is the expected doping mechanism for 
graphene on a SiO2 substrate, therefore results and analysis will be for the 
assumption that doping will follow a 0.7 gradient described previously.47,50,78 A 
comparison between the two doping types is performed in section 5.5. 
A measurement at minimal strain and doping is required to give an origin point 
for the strain and doping lines. This was found through measurements of 
suspended graphene monolayers, which should be minimally affected by the 
substrate strain and doping. This origin point was used to explicitly calculate 
strain and doping values. A G peak position of 1581.6 cm–1 and 2D peak position 
of 2677 cm–1 was used.78 
5.1.4 Isolating strain and doping 
The correlation graphs in figure 5-9 can be used to infer the strain and doping 
characteristics of the graphene samples. The neutrality point, where all three 
strain and doping lines meet denotes the origin position for a graphene flake with 
zero strain, tensile or compressive, and zero doping concentration. An increase 
in only tensile strain from this point would cause the correlation point to move 
downwards along the red strain line (εexp), due to the phonon softening it causes 
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on the 2D and G peaks, while an increase in only compressive strain from the 
neutrality point will causes the correlation to move upwards along the red strain 
line, with both 2D and G peak increasing in energy shift due to the corresponding 
phonon hardening.  
 
Unlike strain, increases in doping always shift the correlation point to the right 
along the doping line. Therefore, any position of the 2D and G peak correlation 
that sits to the right of the εexp strain line can be described as a combination of a 
strain-only component and a doping-only component. Since we are assuming 
hole doping, this will be a combination of the vectors of the εexp and nh lines. 
Figure 5-9: 2D – G peak correlation of uncontacted (a), contacted (b) and nailed (c) samples. Where εexp 
is the red zero-doping strain correlation, nh is the green zero-strain hole-doping correlation, and ne is the 


















Figure 5-9 shows that all three samples start at approximately zero strain at room 
temperature, sitting on or near the nh doping line. The three samples then all shift 
to some strain amount with decreasing temperature, with no clear net shift along 
the doping vector. 
 
Two methods were investigated to isolate the strain and doping components of 
the correlation plots. The first was to fit the data set with a single line and anchor 
the data points to the line based on their G peak position compared to the fit line 
position. To obtain the strain (doping) values, the line was then shifted along the 
doping (strain) vector until it matched the strain (doping) line, dragging the data 
points with it. The values of these new point positions would be compared to the 
zero strain/doping position to determine their absolute strain (doping) shift. This 
method works for correlations with linear relations in 2D-G peak space. Other 
samples that have a large point scatter in correlation space, or with an unusual 
doping relation with temperature, such as in figure 5-10, there is a high chance 
of an incorrect shift being applied to the data points. Taking an averaged line 
through the data set will produce an incorrect shift to the data points at low 
temperatures. 
Figure 5-10: Example of large correlation point scatter and unusual relation. The red arrows indicate the 
temperature dependence of the correlation. 
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The second method to determine the strain-only (doping-only) shift of the 
correlation points is by shifting the positions of the data set on an individual, point-
by-point basis. Shifting each point along to the doping (strain) vector nh (εexp) until 
they lie along the strain (doping) line, εexp (nh), leaving the strain (doping) only 
component of the peak shift compared to the neutrality point. The G peak 
difference from the neutrality position was then used as the basis for calculating 
the strain amount from the Raman peak positions. This second method was used 
for all result from now on. 
Phonons are related to lattice volume by the Grüneisen parameter, therefore 
Raman peak values can be related to strain. Measurements of graphene strain 
in doping free environments, such as flexible substrates and pressurised balloons 
put the G peak shift to biaxial strain ratio as 57 cm–1/%, from a corresponding 
Grüneisen parameter of 1.8.13,44 
5.1.5 Temperature dependence of strain 
The strain shift of the G peak was used to calculate the strain, in a similar way to 
previous studies, and to also avoid the need to include the 2D peak shift 
contributions from anharmonic phonon effects.47,62,71,76 The strain dependence 
with temperature, as a percentage strain, is shown in Figure 5-11, where negative 
(positive) values  denote compressive (tensile) strain. The theoretically predicted 
strain from figure 3-6 is also overlaid onto the data, matched to the measured 




All three sample types exhibit an approximately unstrained state at room 
temperature. The samples all increase in compressive strain as temperature 
decreases which is consistent with the expectation of a thermal expansion 
mismatch between graphene and a SiO2/Si substrate. The strain gradient is not 
linear and turns to zero by around 100 K, resembling the theoretical prediction of 
a T2 dependence of the strain from section 3.1.3. These results also show no 
significant strain difference within uncertainty between the three types of contacts 
used. This suggests that any kind of clamping effect caused by the gold contacts 
(a) (b) 
(c
Figure 5-11: Strain dependence of uncontacted (a), contacted (b), and nailed (c) monolayer graphene 
samples as a function of temperature, as extracted from 2D and G peak correlation analysis. The red lines 
show the un-fitted theoretical predictions of strain using the theoretical TEC, figure 3-6. 
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does not significantly affect the surface contact and adhesion between the 
graphene and the substrate. Therefore, either the slipping or crumpling caused 
by compressive strains are not sufficiently prevented by the contacts, or the force 
of the strain is not large enough to overcome the inherent Van der Waals bonding 
between the graphene and SiO2, such that contacts are not needed to induce the 
full TEC mismatch strain. 
5.1.6 Warming and cooling differences 
The strain shifts with temperature were compared depending on whether the 
sample was cooled slowly: method 1, or was cooled quickly: method 2, as defined 
in section 5.1.1. Here, the intention was to examine if there were hysteresis 
effects on the strain depending on the temperature cycle. This would be expected 
if there are sudden changes in strain state during thermal cycling, such as 
spontaneous crumpling or delamination. This behaviour was reported when 
heating graphene from room temperature on a substrate.46,54 
 









Two monolayer samples were compared, one contacted (contacted 2) and one 
with nailed contacts (nailed 2), between cooling methods 1 and 2, using 20-30 K 
steps and a 10-20 minute measurement delay. A 5 minute exposure time and 
514.5 nm laser at 4 mW output were used as previously described in section 
5.1.1. The two samples were made out of a single, continuous flake that was 
etched into two comparable samples, shown in figure 5-12. The Raman and strain 
values of these two samples were compared, as described previously.  
 
Method 1 and 2 are examined first separately, and then overlaid, in order to 
determine the amount of conformity between the data sets.  
(a) (b) 
(c) 
Figure 5-13: Strain dependence of contacted 2. Showing method 1 data (a), method 2 data (b), and with 
both data sets overlaid (c). 
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The sample in figure 5-13: contacted monolayer 2 has a similar strain profile when 
cooling slowly or warming slowly, and when overlaid, the data shows agreement 
between the two, within the uncertainty range of the strain values. 
 
As with contacted 2, nailed 2, shown in figure 5-14, also shows agreement 
between the two different measurement cases, with the data of the two sets falling 
within each other’s uncertainty range.  
The uncertainty strain data does not always overlap at all temperatures, however 
the lack of consistent divergence between methods 1 and 2 at all temperatures 
and across all samples suggests that the two measurement methods do not 
(a) (b) 
(c) 
Figure 5-14: Strain dependence of nailed 2. Again, showing method 1 data (a), method 2 data (b), and 
with both data sets overlaid (c). 
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create a significant difference in strain dependence. Therefore it is likely that all 
temperature effects are comparable to each other, regardless of cooling method. 
This would allow the comparison of data measured at slowly varying 
temperatures with other experiments, such as electrical transport experiments 
which tend to use faster cooling and static temperatures. 
5.1.7 Thermal expansion coefficient 
In order to perform the reverse of the theoretical strain prediction: calculating a 
TEC from the measured strain data, fitting parameters are needed to match the 
theoretical function, equation (3.5), to the data. To start with, equation (5.2) was 




𝑇𝑛 + 𝑐.    (5.2) 
The value 𝑐 is taken to be the lowest temperature measurement of strain, or the 
average of the lowest measurements when multiple measurements are available.  
No 𝑥1 term was included as this would result in a differential with a constant term, 
and thus a TEC that does not tend to zero at 0 K. Equation (5.2) was then fitted 
to the three strain data sets of the uncontacted, contacted and nailed samples, 
using 𝑛 and 𝑚 as fitting parameters. This proved to be over-fitting and led to 
powers ranging from 0.9 to 3 with an uncertainty of up to 30%, and  gradients 
ranging from 7x10–5 to 2x10–2 with uncertainties as high as 170%. When 
integrated to find the TEC dependence, these large errors cause the uncertainty 
in the calculated TECs to span the whole range from zero to beyond the 
theoretical TEC in every sample. The fitting parameters were then limited to only 
the gradient term, 𝑚, and keeping the power constant at 𝑛 = 2, equation (5.3). 
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This value was the median of the fit values of 𝑛, and is also the prediction from 




𝑇2 + 𝑐.    (5.3)  
 
These fits are shown in figure 5-15, which takes the data from figure 5-11, using 
the fitting parameter, 𝑚, to fit the predicted strain to the measured results. This 
result in an uncertainty in  𝑚 in the order of 5% which is acceptable. It should be 
noted that the theoretical TEC difference, in figure 3-5, between silicon and 
Figure 5-15: Strain dependence of uncontacted (a), contacted (b), and nailed (c) monolayer graphene 






graphene cannot be approximated as linear above 300 K. Therefore 
extrapolations of the fits beyond the range of figure 5-15 will not be valid as the 
strain is no longer a function of  𝑇2. The TEC in the range of 0−300 K is then 
calculated by rearranging equation (3.4): 
𝛼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 = 𝛼𝑆𝑖 − 𝑚𝑇,    (5.4) 
and the calculated 𝛼𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 is directly compared to the theoretical TEC in figure 
5-16. 
 
Figure 5-16: Calculated TECs from the three samples described: uncontacted (black), contacted (brown) 
and nailed (red). The upper and lower uncertainty bounds are given by the dashed lines in the 




The TEC of the graphene samples exhibit a non-quadratic dependence with 
temperature. This arises from the subtraction of the linear differential of the data 
fit from the polynomial silicon TEC, which adds the polynomial trend of αSi to the 
resultant graphene TECs. However, this still allows for a second order polynomial 
to fit approximately within the uncertainty bounds. In order to achieve a resultant 
graphene TEC dependence more fitting with the theory, a higher order polynomial 
fit would have to be considered when fitting the strain (figure 5-15), which was 
determined to not be appropriate given the added uncertainty from additional 
fitting parameters. An analysis of figure 5-16 reveals that the three samples, 
made from a single exfoliated flake, show a grouping of their TEC dependence 
with temperature around half the magnitude of the graphene theory prediction. 
Given the closeness of the overlap of their uncertainty bounds, the type of device 
contacts does not appear to have an effect on the resultant TEC with 
temperature, as seen previously with strain.  
This independence of contact type was seen across all graphene monolayer flake 
devices, figure 5-17, which shows a significantly larger spread of TEC 
dependences in comparison to figure 5-16. This demonstrates that the sample 






Figure 5-17: TEC dependence of all monolayer samples, showing all sample types: uncontacted (black), 
contacted (brown) and nailed (red). As before, the TEC of silicon is in blue, and the predicted graphene 
TEC is purple.20,93 
 
5.1.8 Strain and TEC discussion 
What is observed is a range of measured TEC values from –1.2x10–6 K–1 to             
–3.8x10–6 K–1 at 250 K, with the predicted theory value being a lower bound to 
the results, being –3.6x10–6 K–1 at the same temperature. This range of results is 
caused by the strain mechanisms varying across samples, since the assumption 
in the TEC calculation method used is that the change in strain is caused entirely 
by the Si-graphene TEC mismatch. Therefore, other mechanisms causing a 
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different resultant strain, such as crumpling or slipping, would result in a lower 
strain differential and affect the calculated TEC dependence. Given a distribution 
of exfoliated samples of graphene on a SiO2 surface, there is a bias towards 
surface contact that reduce the maximum TEC strain rather than increase it, from 
bubbles and uneven surface contacts.42,91 Therefore, the theoretical TEC is 
expected to be the lower bound for the range of calculated TEC values. 
A crumpling or slipping of graphene on its substrate could be responsible for a 
lower observed strain gradient. In this case, when the force imparted by the 
substrate on the graphene, causing the strain, exceeds the Van der Waals force 
between the two, the graphene can slip, crumple or corrugate. When under a 
compressive strain, the graphene will expand and reduce the resultant strain. 
This would be expected to show as a transition in the strain dependence at some 
critical temperature to a plateau, or a transition to a reduced strain amount 
compared to the theoretical prediction.  
 
This may be the case in the strain dependence of the nailed monolayer sample, 
figure 5-18, which displays the strain mostly conforming to the theory line at 
Figure 5-18: Strain dependence and predicted strain of the nailed sample from section 5.1.1 (figure 5-11 
(c)) with the theoretical strain dependence (red) shifted to coincide with the room temperature data points. 
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higher temperatures and suddenly departing from this dependence at a critical 
temperature.  
This mechanism should also cause a consistent under-estimation of the 
magnitude of the TEC across all samples. However, this does not predict the 
range of dependences observed in figure 5-18. This explanation could still be 
valid if the samples have a distribution of surface contact profiles, varying their 
Van der Waals interaction strength, if there are different levels of contact between 
the graphene and the substrate. This is justified as the SiO2 surface of the 
substrates used presents an uneven surface to which graphene can have a 
varying amount of conformity, as depicted in figure 5-19, explaining the range of 
strain dependences observed up to the maximum of the theoretical 
prediction.89,90 It would be difficult to use this data to calculate the amount of 
surface contact of individual samples, as the surface contact itself would be one 
of the fitting parameters as defined as the Van der Waals force between the 
graphene and surface. 
 
It could also be the case that graphene undergoes an amount of thermal 
expansion without strain. As in the situation depicted in figure 5-19, the graphene 
starts partially suspended on the SiO2 surface, and as it expands with cooling, it 
fills in the gaps between the graphene and the substrate without being strained. 
Once the graphene fully conforms to the substrate, the graphene then undergoes 
Figure 5-19: Representation of imperfect graphene contact with sample as manufactured at room 
temperature (left), and at some temperature T < room temperature, once the graphene has expanded to 
conform to the SiO2. The SiO2 substrate is shown in blue and the graphene in black. 
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compressive strain, also causing the resultant total change in strain with 
temperature being lower than predicted. 
 
Figure 5-20: Strain dependence and predicted strain of the contacted sample from section 5.1.1 (figure 5-
11 (b)) with the theoretical strain dependence (red) shifted to coincide with the room temperature data 
points. 
 
 In this case, it would be expected to observe a range of strain dependences due 
to the different starting point of sample-substrate conformity. A lower strain 
gradient than theory at higher temperatures would be expected while the 
graphene is transitioning from semi-suspended to full contact with the substrate. 
This behaviour could be seen in the contacted sample, shown in figure 5-20, 
where the theoretical and measured strain deviate immediately from the room 
temperature start point. Also, observing figure 5-11 (b) shows a good conformity 
of results with the theory at the low temperature range suggesting the divergence 
happens near the start of the cooling process. 
This model of strain variation can be used to estimate the surface roughness of 
the SiO2. Assuming the graphene reaches a fully conforming state with the SiO2 
surface, the difference in the total change in strain over the entire temperature 
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range between the theory and measured values is used to calculate the depth of 
the surface features. Graphene is expected to act as a membrane when placed 
on a rough surface, so greater contact and adhesion is expected on the peaks of 
a rough substrate and gaps caused by imperfect contact is expected at the 
troughs in between them.2,3,25,89 The graphene expansion on the SiO2 was 
modelled as the difference between the chord and arc length of a circle segment, 
as shown in figure 5-21, where the relation between the chord length, 𝑐, arc 
height, ℎ, and arc length, 𝑠, is approximated as:91 
𝑠 ≈ √𝑐2 +
16
3
ℎ2.     (5.5) 
 
The graphene starting position is along the chord of the circle, which can be found 
by looking at the peak separation of SiO2 surfaces from AFM measures.83,89,90 
These investigations reveal that an SiO2 surface consists of undulating peaks 
with a period between 25 and 50 nm, as shown in figure 5-22. The chord and arc 
length difference is equated to the unstrained expansion of graphene. This is 
taken from the strain difference between the theory and measurements at 0 K, 
Figure 5-21: Segment of a circle with the chord length, c, the arc length, s, and segment height, h, 
as labelled. In this model, the graphene is pinned above the red points and separated from the 






such as in figure 5-20. The average difference in strain at 0 K of the initial three 
samples (section 5.1.1) is 0.034 ± 0.0014 %, giving a segment/roughness depth, 
h, between 0.286 ± 0.005 nm and 0.57 ± 0.01 nm for a chord length, c, defined 
as the roughness period of 25 to 50 nm.  
 
Figure 5-22: AFM Surface profile of a Si/SiO2 substrate surface, as measured by Geringer et al.90 
 
This predicts a roughness depth 0.0114 ± 0.0002 times the separation between 
surface peaks. This strain model is consistent with the range of surface heights 
of SiO2 surfaces as measured by AFM, which find a standard deviation in the 
surface roughness of 0.4 nm.83,89,90 
5.1.9 Doping 
The monolayer graphene samples exhibited inconsistent doping dependences, 
this is seen qualitatively by comparing figure 5-9, where the data depicts a 
constant but unchanging doping with temperature with figure 5-10 in which the 
sample not only has a different room temperature doping amount, but a variable 
doping with temperature. The differences in room temperature doping is caused 
by differences in manufacture, a combination of random substrate doping and 
contaminants from the manufacturing processes, as described in chapter 4. The 
variance of the doping with temperature is considered to be a measure of the 
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electrical contact of the graphene: a low resistance contact allows free movement 
of electrons into the reservoir of the attached gold (figure 5-1), keeping the charge 
density of the whole system constant for small changes in graphene doping. For 
a doping dependence to be seen, the electron density would have to be 
constrained only to the graphene flake by a poor electrical contact with high 
resistance. This, however, does not explain why there are uncontacted graphene 
samples that exhibit no doping dependence, such as figure 5-9 (a). 
Doping is investigated further in section 5.5 to establish the range of doping 
concentrations across all sample types, and to determine if there are any 
coincidences in the samples that exhibit any doping dependences. 
5.2 Bilayer graphene 
Since the strain and doping behaviour of bilayer graphene is not expected to differ 
greatly from the monolayer case, the same methods of determining the 
monolayer strain and doping can be easily converted to the bilayer case. The 
same measurement methods were used as in the monolayer case, and the same 
three types of samples: uncontacted, contacted and nailed are investigated 
A bilayer graphene flake with top contacts, shown in figure 5-23 is used here to 
demonstrate the differences between the monolayer and bilayer graphene 




5.2.1 Raman spectroscopy 
As with the monolayer devices, the bilayer sample was measured using method 
1, in 30 K temperature steps and a 20 minute waiting time delay before 
measurements. 
The bilayer sample in figure 5-24 clearly shows a broader 2D peak, at 43 cm–1 
FWHM, than the monolayer case, figures 5-2 to 5-4. The broadening is caused 
by the expected separation in energy of the four sub-peak Raman transitions 
(section 2.3.1). While the G peak FWHM of 13 cm–1 does not match the sample 
in section 5.1.1, it is not expected to be dependent on number of graphene 
layers.61 The wider bilayer G peak is therefore caused by a lower doping in 
comparison to the given monolayer examples, which is demonstrated during the 
correlation analysis. 
Figure 5-23: Bilayer Graphene sample with gold top contacts partially covering the upper and lower 
sections of the flake. 




The 2D peak intensity is now comparable to or greater than the 2D peak intensity 
compared to the monolayer case. The peaks all show an increase in Raman shift 
energy with decreasing temperature without a distinct splitting or broadening of 
the G and 2D peaks, and in the 2D case, sub-peak dispersion. This is consistent 
with the bilayer sample increasing in biaxial strain in the same manner as seen 
in section 5.1. The general decrease in the intensity with temperature of both 
peaks is attributed to the accuracy of the laser on the sample being reduced by 
vibrations and temperature fluctuations when the experiment is running, which is 
exacerbated as sample size decreases. 
5.2.2 Temperature dependence of peak position 
The peak position of the G peak was again obtained by fitting with a Lorentzian 
function (5.1). The 2D peak was not fit with four Lorentzian functions for each sub 
peak and combined, but fitted with a single Gaussian function, 
 
Figure 5-24: 2D (a) and G (b) peaks of the bilayer graphene sample as temperature is changed 
from 296 K down to 6 K. The red dashed lines show the Gaussian functions which were fit over the 













,    (5.6) 
where the variables hold the same values as equation (5.1) which proved to be a 
superior fit for the peak shape. This proved sufficient as only the peak shift is 
used for strain dependence and the sub peaks remain consistent with respect to 
each other throughout the experiment. In order to create a two-axis correlation 
plot, a single position value of the 2D peak was required. The results in figure 
5-25 come from two measurement runs of the contacted bilayer sample. 
 
There is a greater point scatter of the 2D and G peak position shift with 
temperature attributed to the lower signal to noise ratio of the measurements. The 
larger uncertainty bounds are also caused by this, and from fitting a Gaussian to 
an asymmetric peak in the 2D case. The dependence of the peak positions on 
temperature is comparable to the monolayer case. The peak dependences 




display similar magnitudes of shift, 8-11 cm–1 for the 2D peak, and 4-6 cm–1 for 
the G peak, and follow a similar gradient dependence to the monolayer peak shift. 
5.2.3 Correlation method 
The correlation method used to separate the strain and doping peak shift 
contributions for monolayer graphene must be modified to be used for bilayer 
graphene. The gradient of the strain line, εexp, doping lines, n, and the position of 
the neutrality point must all be re-defined for bilayer graphene.  
The new 2D/G ratio of the strain gradient of 2.4 ± 0.13 was calculated from the 
measured 2D and G peak shift with strain percentage, taken as the average of 
biaxial strain induced by flexible substrates and pressurised graphene bubble 
measurements.15,44 This value is comparable to the monolayer strain gradient as 
the peak shift ratio is not expected to be significantly different. Taking the 2D peak 
value as a single peak in this case is valid as the 2D sub peaks are shown to 
have the same variation with strain as each other.  
The 2D/G ratios of the doping gradient of nh = 0.62 ± 0.09 and ne = 0.4 ± 0.25 
were derived from Raman-doping measurements taken from top-gated bilayer 
measurements.95 This doping dependence is comparable to the monolayer case, 
and the variation in the measured gradients for strain and doping are due to the 
experimental uncertainty. 
As in the monolayer case, the zero strain-doping neutrality point was taken from 
a suspended graphene flake measurement. The suspended bilayer 2D peak has 
been measured at 2621.4 ± 0.9 cm–1 using 632 nm wavelength laser, which must 
be shifted due to the 2D peak energy dispersion (section 2.3.1) to the equivalent 
514.5 nm laser: 2669.2 cm–1.59,103 The G peak shift is also measured at 
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1567 ± 1 cm–1.103 The 2D doping shift and neutrality positions were measured 
with Gaussian function fitting to obtain their peak positions consistent with the 
methods used for sample data measurements. 
The anharmonic phonon shift component in bilayers was taken to be similar to 
the monolayer case, the G peak phonon behaviour being the same for both 
cases.  The strain and doping shifts of the contacted bilayer sample are then 
separated using these new values. 
 
Figure 5-26: 2D – G peak correlation of the contacted bilayer graphene sample. εexp is the red zero-doping 
strain correlation, nh is the green zero-strain hole-doping correlation, and ne is the blue zero-strain electron 
doping correlation. 
 
The bilayer sample shows the same temperature trend as the monolayer case, 
but with a much higher starting position along the strain line, and very little doping. 
In figure 5-26, there is a starting compressive strain that is much larger than the 
starting strains of the monolayer samples. The compressive strain then increases 
with cooling as expected. The data suggests a very low, constant doping with 
temperature because the points fall very close to the strain line. This room 
temperature strain offset is persistent through all bilayer results, therefore the 







truly free from strain and doping contributions. There is no mechanism for bilayer 
graphene to be consistently strained by a SiO2 substrate in ambient conditions 
where monolayer graphene would not also be similarly strained. Despite this, the 
strain gradient with temperature will still be correct, while the absolute value of 
strain will be incorrect, which will still allow for the correct value of TEC to be 
calculated. 
5.2.4 Strain and TEC 
The G peak Grüneisen parameter for bilayer graphene is similar to the monolayer 
case, measured within experimental uncertainty of each other, with a bilayer G 
peak strain-shift ratio of 57.2 cm–1/%. The strain dependence is then fitted: 
 
Figure 5-27: T2 fit (blue) of the contacted bilayer strain of figure 5-26. 
 
The strain in figure 5-27 exhibits the same dependence and gradient as 
monolayer graphene.  As expected from the correlation analysis, the sample 
appears to start at a much higher compressive (negative) strain at room 
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temperature. The TEC dependence is then calculated across all samples, shown 
in figure 5-28. 
 
Figure 5-28: TEC dependence of all bilayer samples, showing all sample types: uncontacted (black), 
contacted (brown) and nailed (red). The contacted bilayer example is shown as a dashed line. The TEC of 
silicon is in blue and the monolayer graphene TEC is show again in purple.20,93 An anomalous TEC result 
is marked as “1”, and its corrected position is plotted in grey. 
 
This distribution of results is comparable to that of monolayer graphene with some 
notable differences. The first difference is that the distribution shows a much 
larger variation than the in the monolayer case. The second is that the distribution 
tends slightly lower than the monolayer TEC distribution, with some samples 




monolayer graphene, the magnitude of the individual sample variation is much 
greater than the differences between the samples, therefore the theoretical result 
that bilayer graphene is expected to have a less negative TEC dependence is not 
resolved. 
The most negative TEC result, the uncontacted measurement marked “1” in 
figure 5-28 is anomalous and is caused by an artefact of the TEC calculation as 
defined in the monolayer section. The lowest temperature measurement of 
uncontacted “1” is abnormally lower than the points around it. Therefore, when 
the fitting algorithm uses this point as its starting position, the final gradient is 
incorrectly exaggerated. By instead using the second lowest temperature 
measurement, a greater accuracy fit can be achieved. The differences are shown 
in figure 5-29, and the corrected plot is shown in figure 5-28 in grey. For all further 
calculations, the fit obtained from figure 5-29 (b) is used in place of the fit of figure 
5-29 (a). 
 







5.3 Tri-layer graphene 
The methods to extend monolayer strain analysis to bilayer graphene are also 
used to analyse tri-layer graphene. The same three types of sample contacts and 
measurements performed for monolayer and bilayer graphene were used. As 
with bilayer graphene, a contacted tri-layer sample, shown in figure 5-30, is used 
to demonstrate the differences in the analysis method required to obtain the strain 
variance. 
 
Figure 5-30: Tri-layer graphene sample with gold top contacts partially covering the upper and lower 
sections of the flake. Only the lower graphene sample was used due to the insoluble PMMA residues on 
the upper flake. 
5.3.1 Raman spectroscopy 
Measurement method 1 was again used, with steps of 30 K and a measurement 
delay of 20 minutes. The laser from section 3.7 was used at 3 mW power output, 
with an exposure time of 5 minutes per spectrum. 
The G and 2D peaks from figure 5-31 show the same increase in Raman shift 
energy with decreasing temperature as monolayer and bilayer graphene, 
maintaining consistency with biaxial strain. The 2D peak shows a continued 







~13cm–1 suggests a low doping level, as per the bilayer sample of section 4.2.1. 
The trend of increasing G peak intensity compared to 2D peak intensity with 
number of graphene layers continues as expected.61 The behaviour of peak 
intensity being reduced below room temperature is observed again, an artefact 
of the experimental setup (section 5.2.1). 
 
5.3.2 Temperature dependence of peak position 
The G and 2D peaks were fitted with Lorentzian and Gaussian functions in the 
same manner as the bilayer samples in section 5.2.2, and compared to 
monolayer and bilayer samples as a function of temperature. 
As expected, the temperature dependence of the tri-layer Raman peak positions 
in figure 5-32 follows the same increase in peak energy with decreasing 
temperature as the monolayer and bilayer cases, achieving similar magnitudes 
of shift of ~10.5 cm–1 for the 2D peak and ~5 cm–1 for the G peak. 
(a) (b) 
Figure 5-31: 2D (a) and G (b) peaks of the tri-layer graphene sample as temperature is changed 




5.3.3 Correlation method 
In the same manner as section 5.2.3, the strain line, doping line and neutrality 
point were re-calculated in order to adjust the correlation method to correctly 
separate strain and doping contributions for tri-layer graphene.  
The tri-layer 2D/G ratio of the strain gradient was measured to be 2.51 ± 0.3, 
similar to the monolayer and bilayer strain gradient.15 The 2D peak value was 
again taken as a single peak position from the Gaussian fit, as the 2D sub peaks 
have the same strain shift as each other. The previous bilayer doping 2D/G ratio 
of 0.62 ± 0.09 (from 5.2.3) was used for the tri-layer correlation. This is due to the 
absence of a Raman measurement of top-gated tri-layer graphene as with the 
monolayer and bilayer techniques. Therefore the bilayer doping shift was used 
as it is would be closest to the tri-layer doping shift. This is additionally justified 
as measurements of the monolayer and bilayer doping gradients are comparable 
within uncertainty, and uncertainties in the doping gradient do not contribute 
significantly to the uncertainty in strain. 
(a) (b) 
Figure 5-32: Contacted tri-layer graphene 2D (a) and G (b) peak position with changing temperature. 
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The zero strain-doping neutrality point was taken from a suspended tri-layer 
graphene flake measurement.103 The 2D peak has been measured as               
2621 cm–1 using 632 nm wavelength laser, which is corrected for the 2D peak 
excitation dispersion (section 2.3.1) to 2669.2 cm–1 at 514.5 nm.59,103 The G peak 
shift has been measured as 1567 cm–1.100 The measured 2D doping shift and 
neutrality position were also fitted with Gaussian functions to obtain peak 
positions consistent with the sample data of figure 5-31. 
 
Figure 5-33: 2D – G peak correlation of the contacted tri-layer graphene sample. εexp is the red zero-
doping strain correlation, nh is the green bilayer hole-doping line, and ne is the blue bilayer electron-doping 
line. 
 
As expected, tri-layer graphene shows the same temperature trend as monolayer 
and bilayer (figure 5-33). However, tri-layer graphene shows a starting tensile 
strain at room temperatures across all samples. Additionally, the tri-layer G peak 
FWHM is consistent with low doping levels (section 2.3.4), but the correlation in 
figure 5-33 shows a significant doping as the data has a large doping vector 
component, nh. The results show that monolayer, bilayer and tri-layer graphene 
all claim a different and inconsistent room temperature strain value. These 







reinforce the suggestion made in section 5.2.3 that this is also the case for bilayer 
graphene. This particular sample also shows a discernible doping dependence 
with temperature, indicated by the correlation line of figure 5-33 not aligning 
parallel to the strain line. 
5.3.4 Strain and TEC 
With a tri-layer G peak strain-shift ratio of 45.7 cm–1/%, the strain dependence is 
then fitted as per mono and bilayer graphene, shown in figure 5-34.15 As observed 
in the correlation plot, the tri-layer samples appear to have a tensile (positive) 
strain at all temperatures, caused by the neutrality point error. The strain 
increases towards a compressive (less tensile) strain as the temperature is 
reduced. Given that the TEC is only dependent on gradient, it can still be correctly 
calculated across tri-layer graphene samples. 
 
 Figure 5-34: T2 fit (blue) of the contacted tri-layer strain of figure 4-33. 
 
The distribution of TECs in figure 5-35 is similar to monolayer and bilayer 
graphene: a scatter of results between a TEC of zero and the graphene 
monolayer theory. The tri-layer graphene TECs also show a similar scatter to 
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bilayer graphene samples, continuing greater individual sample variation than 
variation due to graphene thickness or contact type. 
 
Figure 5-35: TEC dependence of all trlayer samples, showing all sample types: uncontacted (black), 
contacted (green) and nailed (red). The contacted tri-layer example is shown as a dashed line. The TEC of 






5.4 Comparison of thermal 
expansion coefficient with number 
of layers 
 
The average TEC dependences for monolayer, bilayer and tri-layer graphene are 
compared to each other and the theoretical TEC in figure 5-36. 
 
Figure 5-36: Average of TECs for each flake thickness, monolayer (black), bilayer (red) and tri-layer 
(green). The dashed lines mark the uncertainty bounds. The TEC of silicon is in blue and the monolayer 




While the graphene TEC dependence with temperature appears to trend more 
negative with increasing graphene thickness, the significant overlap of the 
uncertainty bounds means this conclusion cannot be made with confidence. A 
decreasing dependence would also be contrary to the prediction of graphene 
TEC with layer number in section 3.2, of a less negative TEC with increasing 
layer number.94 
As far as the precision of this study can determine, the TEC of all three graphene 
thicknesses are of similar magnitude with a 300 K value between –3.2x10–6 K–1 
and –3.8x10–6 K–1. While this is less negative than the theoretical monolayer TEC, 
this is to be expected in samples that do not transfer 100% of the TEC mismatch 
into strain, skewing the average. Therefore, these results are considered to 
generally agree with the theoretical TEC value, and in disagreement with previous 
measurements of graphene TEC, which find much larger magnitude, negative 
TECs.16-19 
5.5 Doping 
The correlation method of separating strain and doping shifts allows for a parallel 
analysis of the doping concentrations and dependences of the samples along 
with strain. This section examines the results given by this correlation doping 
analysis. These results were highly inconclusive so were then compared to 
alternate means of calculating graphene doping from optical measurements, 
using the G peak FWHM and 2D and G peak area ratio dependencies. 
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5.5.1 Correlation doping 
In order to determine the doping-only shift of the Raman peaks, the correlation 
shift from section 5.1.4 is performed the other way around. The points are shifted 
along the correlation strain gradient to reach the nh doping line. The Raman 
measurements of top gated graphene devices from section 2.3.4 are then used 
to relate these doping shifts to a concentration, 𝑛.68,70,95 This was used to 
calculate doping values for the monolayer and bilayer graphene devices, 
assuming hole doping as described section 5.1.3. A fit of the measured peak shift 
with doping for monolayer graphene, from figure 2-19, was taken to be 
∆𝜔𝐺𝑚𝑜𝑛𝑜 = 1.425𝑛 − 0.0274𝑛
2,        (5.7) 
where 𝜔𝐺 is the position of the G peak in cm
–1, and 𝑛 is the hole concentration in 
1012 cm–2.47,70 A fit of bilayer peak shift dependence was performed on an 
equivalent measurement by Das et al.:95 
∆𝜔𝐺𝑏𝑖 = 0.38𝑛 − 0.11𝑛
2.        (5.8) 
The tri-layer device doping was not calculated as the requisite peak dependence 
is not in the literature.  
According to the correlation shifts, the 12 monolayer and 7 bilayer graphene 
devices displayed a range of doping levels at room temperature between 
1.4x1012 cm–2 and 6.3x1012 cm–2, where values below 1.4x1012 cm–2 cannot be 
measured using this method.35 One monolayer and one bilayer sample exhibited 
doping values below this lower limit. The average doping concentration is 
(4.7 ± 0.5)x1012 cm–2 and (3.9 ± 0.4)x1012 cm–2 for monolayer and bilayer 
graphene respectively. The two outlying samples were counted as being equal to 
the lower limit of 1.4x1012 cm–2 for this calculation. This range of values is 
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consistent for graphene devices manufactured according to the methods of 
chapter 4. There is no variation that correlates across the different device designs 
from section 4.7. The monolayer and bilayer graphene doping results being 
comparable is unexpected as bilayer graphene is predicted to exhibit half the 
doping concentration under the same conditions as monolayer graphene.95 This 
would indicate that the calibration measurement has a finite doping, causing a 
zero-error in the bilayer correlation method of section 5.2.3.103 
There is also a dependence on doping with temperature exhibited in 5 of the 19 
samples, with these samples exhibiting a decrease in doping as the temperature 
is reduced while the rest show no dependence. This sample subset covers all 
three styles of contact configuration. This dependence has a ∆𝑛 of                        
2.4–4.6x1012 cm–2 between the highest and lowest temperature in the samples 
that exhibit it. The average ∆𝑛 is (2.9 ± 0.3)x1012 cm–2, giving a significant contrast 
between the incidences of doping dependence and no dependence. In order to 
determine the specific cause of the doping shift, a range of new device designs 
may have to be considered in order to deliberately induce the phenomenon. 
For a confirmation of the doping assumption made in section 5.2.3, the difference 
in strain between electron and hole doping was investigated. Since the optical 
determination of doping (positive or negative) was not possible, the calculation 
was performed twice on the same data set, one assuming hole doping, the other 
electron doping. This allowed the error caused by assuming the wrong doping 




Figure 5-37: Comparison of strain dependence assuming hole (circles) or electron (squares) doping 
mechanisms, using the “uncontacted“ sample data from figure 5-10 (a). The hole (electron) fit equation is 
displayed above (below) the data set. 
 
Figure 5-37 demonstrates that assuming the incorrect doping mechanism only 
results in an offset in strain magnitude. Every data point is shifted by 
0.025-0.03 % between the electron and hole doping scenarios. This does not 
result in a significant difference between the fit gradients of the two doping types 
and both are within the uncertainty range of each other, being ± 0.5x10-7 % K–1 
and ± 0.3x10-7 % K–1 for the hole and electron doping fits respectively. Therefore, 
even if the doping assumption made in section 5.1.3 was incorrect, the resultant 
error in TEC will be insignificant compared to the peak position and fit errors. 
5.5.2 G peak FWHM doping 
As described in section 2.3.4, lower doping levels in graphene cause a 
broadening of the Raman G peak. This was used as an alternate measure of the 
doping due to the lack of doping consistency of graphene samples when using 
the peak shift correlation method. The hole-concentration dependence of the G 
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peak FWHM of monolayer graphene from figure 2-21 was fit with a third order 
polynomial:70 
𝑛 = 200 − 44.7𝑤𝐺𝑚𝑜𝑛𝑜 + 3.36𝑤𝐺𝑚𝑜𝑛𝑜
2 ± 0.0840𝑤𝐺𝑚𝑜𝑛𝑜
3 ,        (5.9) 
which is valid for a doping concentration between 0 cm–2 and 15x1012 cm–2, 
where 𝑛 is the doping concentration in units of 1012 cm–2 and 𝑤 is the FWHM in 
cm–1. Bilayer graphene was similarly fit from a study by Das et al.95 A second 
order polynomial was sufficient to sufficiently fit the data set in this case: 
𝑛 = 25.6 − 3.02𝑤𝐺𝑏𝑖 + 0.0886𝑤𝐺𝑏𝑖
2 ,        (5.10) 
and is valid in the range between 0 cm–2 and 9x1012 cm–2. The monolayer and 
bilayer doping results from this method are consistently higher than from the 
correlation calculation, spanning the whole discernible range of doping values 
from ~0 cm–2 to 15x1012 cm–2 for monolayers, and between ~0 cm–2 and 
9x1012 cm–2 for bilayers. The average values are 12x1012 cm–2 for monolayers, 
and 6x1012 cm–2 for bilayers. In this method, there is a lower limit to FWHM 
values, for example, values of 7-8 cm–1 in figure 2-21 can have any doping value 
≥ 15x1012 cm–2. Therefore, for the average calculations, FWHM values in this 
range were taken as the minimum value of 15x1012 cm–2, and likewise the bilayer 
minimum of 9x1012 cm–2. There is now a factor of two difference for bilayer 
graphene, which agrees with the expectations from section 3.2, supporting the 
conclusion of a zero-error in the correlation method. There is a large uncertainty 
in the FWHM-doping of ± 5x1012 cm–2 due to the large point scatter in the 
calibration fits. The doping difference between the FWHM and correlation doping 
methods is large enough to be significant despite the large uncertainties involved. 
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Additionally, neither the G nor 2D peak FWHM has any significant or consistent 
temperature dependence within uncertainty bounds. This could mean that the 
dependence seen by the correlation method is an error in the method, or that the 
FWHM uncertainty is too great to observe the slight dependence claimed in the 
correlation doping. 
5.5.3 Peak ratio doping 
To resolve the differences in findings between the correlation and FWHM analysis 
methods, a peak ratio comparison between the Raman 2D and G peaks was 
performed using the ratio between the graphene monolayer 2D and G peak areas 
(A2D/AG) as a function of doping as measured by Basko et al.75 An exponential 
decay function provided the best fit, given by R2 values: 
𝑛 = 54.3𝑒−
𝐴
1.915,        (5.11) 
where 𝐴 is the area ratio A2D/AG. In this case, the doping concentrations in the 
monolayer samples ranged from 0.8x1012 cm–2 to 11x1012 cm–2. The lowest 
doping concentration has a similar value to both the correlation and FWHM 
methods, and the highest doping concentration lies between that of the other two 
methods. The average sample doping was (3.8 ± 0.8)x1012 cm–1, suggesting that 
the magnitude of the FWHM results are not reliable. This may be justified as there 
is a large variance observed in previous FWHM measurements at the same 
doping levels, such as in figure 2-21.61,70 
Similar to the correlation method, 4 of the 11 monolayer samples exhibit a 
dependence on doping concentration with temperature of the order 1x1012 cm–1. 
However, this behaviour is not observed on the same samples as with the 
correlation method, have a significantly lower magnitude of doping change, and 
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display both increasing and decreasing dependences with temperature. It could 
be the case that this temperature dependence is a statistical fluctuation close to 
the uncertainty range. Given the similar magnitude of the dependence to the 
uncertainty, more precise electronic measurements are required to determine 
both if the phenomenon exists and its cause. 
5.5.4 Doping conclusion 
There are no clear discernible doping concentration values or trends across these 
three analysis techniques. This is likely due to the large uncertainty ranges 
allowing agreement within these ranges while providing values with a factor of 
three difference between each other. This highlights the necessity of using non-
optical measurement techniques to reliably determine doping concentrations. 
5.6 Graphene on h-BN 
A preliminary study into the effects that different substrates have on the strain 
and thermal expansion properties of graphene systems has been performed. As 
mentioned previously in sections 2.4 and 3.3, hexagonal boron-nitride (h-BN) has 
the same 2D lattice structure as graphene, and even few layer h-BN can 
significantly flatten SiO2 surfaces. h-BN has been shown to induce strain in 
graphene through forced lattice matching, and could also be expected to affect 
the transverse phonons and TEC of graphene.96 Two monolayer and one bilayer 
graphene flakes on h-BN substrates were measured (figure 5-38), which were 





Figure 5-38: (a) and (b) monolayer graphene on h-BN. (c) bilayer graphene on h-BN. The graphene areas 
are outlined in black, and the h-BN areas are outlined in red.  
 
The same measurement method as applied to previous graphene samples on 
Si/SiO2 was used: method 1, described in section 5.1.1, with 3 mW of laser power 
and 30 K temperature steps. The strain was calculated using the correlation 
method of section 2.3.6, with the corresponding monolayer (section 5.1.3) and 







Figure 5-39: (a) and (b) correlation of Raman peak positions of monolayer graphene on h-BN, as labelled 
in figure 5-38. (c) correlation of Raman peak positions of bilayer graphene on h-BN. Strain-doping 






Figure 5-40: (a) and (b) strain dependence of monolayer graphene on h-BN, as labelled in figure 5-38. (c) 
Strain dependence of bilayer graphene on h-BN. The blue lines show the fit equations. 
 
All h-BN substrate samples in figure 5-40 exhibit strain dependences with 
temperature similar to samples on SiO2 surfaces. While the doping levels 
observed lie within the ranges of doping observed of graphene samples on SiO2 
surfaces, there is a consistent offset in the room temperature strain between 
equivalent samples on h-BN and SiO2 of 0.6-0.8 % in the compressive (negative) 
strain direction. This shift behaviour is similar to other observations of a –0.12 % 
offset, but is inconsistent with a lattice matching strain between graphene and h-





than the strain difference observed. For a lattice mismatch, the strain would also 
be expected to increase in the tensile direction (positive) given the larger h-BN 
lattice, and only be compressive in the strain boundary regions (section 3.3).96 
Additionally, the 2D peak of h-BN supported samples was not observed to have 
an increased FWHM over SiO2 supported samples. The average 2D FWHM of 
monolayer graphene on SiO2 is 27.1 ± 0.9 cm–1, and on h-BN substrates it is 
25.2 ± 0.4 cm–1. There is no 2D FWHM disagreement between the bilayer 
graphene samples on h-BN and SiO2. This would indicate h-BN and SiO2 induce 
the same strain uniformity, or even greater uniformity in the monolayer case and 
that these samples either do not exhibit the predicted lattice matching from 
section 3.3, or that the Moiré patterning is not discernible with the imaging 
resolution used. This runs counter to the prediction of lattice mismatching causing 
strain variations. It is possible that these graphene on h-BN samples are not in 
proper contact with each other. There are visible contaminants in the graphene-
h-BN stacked region in figure 5-38 (a) and (b), which may be preventing the 
formation of lattice-matching strains. 
The TEC of the h-BN substrate was assumed to follow that of the underlying 
silicon instead of being independent. This was confirmed when comparing the 
two cases by calculating the resultant graphene TECs.105 The case where the 
h-BN has an independent TEC to the substrate is shown in figure 5-41: the 
calculated graphene TEC resulted in a negative TEC up to three times larger than 
predicted by the theory. There is no difference between h-BN and Si/SiO2 that 
can explain this increase in negative TEC. It is also opposite to the predictions of 
section 3.3 regarding the effect of flat substrates on graphene phonons. The h-BN 
being subject to the silicon TEC was considered more likely as this gives a 




Figure 5-41: TEC dependence of h-BN substrate samples using an independent h-BN TEC (blue).105 The 
monolayer and bilayer samples are labelled as in figure 4-39. The monolayer graphene TEC is show again 
in purple.20 
 
Again, the individual sample variation is the greatest factor determining the TEC 
trend across these samples. Alternatively, sample (b) and (c) may be 
demonstrating the TEC quenching predicted of ultra-flat substrates in section 3.3. 
However, given that the range of TECs observed in SiO2 substrates significantly 
overlaps the TEC range of the h-BN substrates, this conclusion cannot be made 







Figure 5-42: TEC dependence of all h-BN substrate samples, with the monolayer and bilayer samples 




The monolayer, bilayer and tri-layer graphene all exhibited Raman peak shift 
behaviour with temperature consistent with thermal strain after accounting for 
doping and temperature effects. The strain magnitudes were within the bounds 
predicted in section 3.1.3 for graphene with some imperfect surface contact or 






strain reducing mechanisms, it was not conclusive which of these two 
phenomena caused the strain difference between the theory and experiment.  
The TEC dependence with temperature was derived from the strain 
measurements, which covered the whole temperature range from room 
temperature to the 6 K minimum stable temperature (section 4.6.3). This was in 
excellent agreement with the predictions of Mounet et al. in comparison to other 
experimental measures. The first measures of bilayer and tri-layer graphene 
TECs were performed over the same temperature range. The multilayer TECs 
were shown to be similar to that of monolayer graphene to within the uncertainty 
of the study. 
An attempt to optically measure the doping concentration dependence with 
temperature was made. The calculated values proved to vary considerably 
between both the samples and the methods of doping calculation. 
Graphene samples with a h-BN substrate exhibited strain and TEC dependences 
similar to that of the SiO2 substrate graphene, spanning a similar range of ∆𝜀 and 
TEC dependences. The h-BN samples did exhibit a larger starting compressive 
strain than SiO2. The reduced sample size prevented a definitive conclusion to 
be made to the comparative effects of SiO2 and h-BN substrates. A larger sample 
size will allow an averaged TEC dependence to be determined that may lie 




This Chapter covers a general summary of the findings in this thesis. This 
includes the main findings of thermal strain and TEC measurements on graphene 
of monolayer to tri-layer thicknesses and three different device designs. It then 
proceeds to describe the findings of the preliminary studies into doping 
concentration dependence and the effects of alternative substrate materials. This 
chapter concludes with a discussion of the potential future avenues by which 
progress in this study may be furthered. 
6.1 Strain 
The results of this study have shown that thermal strains consistently occur in 
mono, bi and tri-layered graphene on silicon substrates with SiO2 surfaces. The 
strains in the samples were observed to move in a compressive direction as the 
temperature was reduced, to a maximum change of ~0.1 % across the whole 
temperature range. This change in strain was consistent with the prediction that 
the difference in thermal expansion between graphene and silicon would be the 
upper limit to the observed strain and TEC from chapter 3. The observed strains 
were biaxial in nature as no temperature-dependent peak broadening was 
observed, which would have indicated a uniaxial component to the strain. 
Additionally, temperature hysteresis was not observed between the cooling and 
warming measurement methods from section 5.1.1. 
In contrast to the monolayer graphene results, a significant non-zero starting 
strain was observed in bi and tri-layered samples. This was considered to be 
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caused by a calibration offset in the correlation method rather than a physical 
effect, because of the lack of trend across all graphene thicknesses for room 
temperature starting strains. A measurement of the Raman peaks of bi and tri-
layered graphene would need to be performed that completely controls for all 
external strain and doping contributions to provide a correct zero correlation 
position. 
The effects of contacts on the induced thermal strains were investigated due to 
the evidence of slipping or crumpling of strained graphene observed in previous 
studies.12,48 It was predicted that any such structures would increase the strain 
threshold for these relaxation effects in section 3.1.2. However, no evidence of 
sudden slipping was observed in any sample design style, demonstrating no 
difference between uncontacted graphene and contacted graphene. It was 
therefore concluded that the strains induced in this study did not reach the 
slipping or crumpling threshold in all cases. Therefore, both uncontacted and 
contacted graphene devices have the same strain mechanisms at temperatures 
below room temperature. In order to determine the efficacy of contact-pinning 
graphene, a greater temperature range would need to be investigated to induce 
a greater strain shift, such as from room temperature to temperatures greater 
than 500 K. 
These results highlight the fact that graphene measurements at a different 
temperature from their manufacture will necessarily be strained compared to the 
initial temperature. A fully substrate-supported graphene flake will not produce a 
potential field according to equation (2.19), as  𝑢𝑖𝑖 − 𝑢𝑗𝑗 = 0 for biaxial strain. 
Increasing the strain to contacted graphene, suspended flakes, or semi-
contacting substrate would be necessary to give rise to the non-zero electrical 
pseudo-potentials described in section 2.2. 
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6.2 Thermal expansion coefficient 
The strain measurements performed in this study allowed an investigation into 
the thermal expansion coefficients (TECs) of monolayer to tri-layer graphene. A 
significant sample variance was observed in these measured TECs, which 
showed no correlation with contact design type. This suggested a range of 
adhesion between the graphene and SiO2 caused during exfoliation, which gave 
the graphene some room to expand without strain. This was not surprising due 
to the amorphous nature of the SiO2 surfaces.  
The averaged TECs of the monolayer graphene samples were therefore used, 
which demonstrated a good agreement with the theoretical TEC predictions by 
Mounet et al., and with the measurements of Singh et al.16,20 The averaged result 
from monolayer graphene does have a lower magnitude of TEC than predicted 
by this theory. The TEC was measured at (–3.2 ± 0.2)x10–6 K–1 at 300 K, 
compared to the theory of –3.6x10–6 K–1 at 300 K. This was expected from the 
predictions in section 3.1.1: that the theoretical expansion will be the maximum 
measureable value, and any imperfect surface contact effects only cause a 
reduced strain. Therefore an average across all samples will pull the TEC range 
to a lower magnitude than theoretically predicted. 
Bi and tri-layer graphene demonstrated a comparable TEC range to that of 
monolayer graphene, (–3.4 ± 0.4)x10–6 K–1 and (–3.8 ± 0.6)x10–6 K–1 at 300 K 
respectively. The prediction, that the less negative Grüneisen parameter of bi and 
tri-layer graphene (section 3.2) would result in a TEC dependence with a lower 
magnitude than that of monolayer graphene, could not be verified due to the 
overlap in uncertainties between all three graphene thicknesses investigated. 
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This confirmatory measure of thicker graphene demonstrates the largely similar 
structural properties of mono, bi and tri-layer graphene. 
6.3 Doping concentration 
This study has highlighted the difficulties involved with determining doping 
concentrations in graphene from optical measurements. The analysis techniques 
used did not allow for a conclusive measure of doping concentrations in the 
graphene samples. This was attributed to individual sample variation and the 
calibration measurements used in section 2.3.4 causing large uncertainty ranges 
in the calculated values. While the doping concentrations calculated do fall within 
the expected range of doping values for graphene fabricated through mechanical 
exfoliation, these difficulties prevented a more detailed analysis. 
A shift in doping concentration with temperature was observed in some devices, 
where a decrease in temperature caused a decrease in doping concentration. 
The devices that demonstrated this behaviour showed no correlation with 
fabrication design since every sample design style had both an example of this 
shift and no shift. In the samples that the doping shift was present it was 
statistically significant, changing by up to a factor of three across the temperature 
range investigated. If this shift in doping concentration with temperature is 
verified, these results would suggest that graphene devices may change doping 
concentration between measurement and use. A low-temperature measurement 
of the Fermi level of a graphene device may therefore be inappropriate if the 





6.4 h-BN substrate 
The preliminary investigation into the effects of using h-BN as a substrate for 
graphene devices found a similar graphene strain and TEC behaviour to that of 
graphene on SiO2 substrates. This could indicate that the interface properties 
between graphene on h-BN on SiO2 are not substantially different to that between 
graphene and SiO2. Alternatively the range in strain and TEC dependences 
observed could instead be caused by contaminants introduced during the 
fabrication process and are independent of substrate surface. However, the 
number of h-BN samples investigated was not enough to conclusively prove any 
difference from SiO2 substrates. 
There may have been one example of graphene on h-BN, figure 5-42 (b), which 
demonstrates the presence of TEC quenching predicted in section 3.3. As 
mentioned previously, this cannot yet be determined as significant or an outlier, 
given the wide range of TEC dependences observed from the SiO2 substrate 
samples in figures 5-17, 5-28, and 5-35. Measurements on further repeats of the 
h-BN substrate sample design are required to the same extent as on the SiO2 
substrate designs in order to make any reliable conclusions. 
6.5 Future work 
The next stage for the study of thermal strain in graphene devices is to increase 
the strain difference induced in the graphene samples. Increasing the 
temperature range of the experiment would allow for a greater integral range 
between the graphene and substrate TEC. An experimental apparatus that allows 
for an investigated temperature range above 600 K would allow for a greater 
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strain. Given graphene sample fabrication at room temperature resulted in 
starting strains around zero in monolayers, increasing the ΔT above ~300 K will 
cause a greater Δε than this study. This arrangement has the additional 
advantage for the induced strains as the TECs of graphene and SiO2 have a 
greater difference in the temperature range above room temperature than below, 
which converges to zero at 0 K (figure 3-5). These increases in induced strain 
may allow for a greater investigation into the pinning effects of metal contacts by 
reaching the strain threshold for slipping or crumpling and create a difference in 
strain behaviour between uncontacted and contacted samples. 
An alternative means of increasing strain would be to change the substrate 
material to one with a larger TEC difference to graphene than that of SiO2. This 
TEC difference needs to be balanced against substrate hardness in order to 
successfully transfer the strain to the graphene deformation, and not a combined 
deformation of graphene and the substrate. 
In order to induce strain configurations other than biaxial strain, different device 
designs and substrate geometries are required for the temperature range used in 
this study. Suspended graphene flakes could be used to construct a complex 2D 
strain field. By using the shrinking or expanding of suspended metal bars 
attached to a graphene flake, a strain distribution can be induced in order to 
induce a potential field, informed by equation (2.19) from chapter 2. 
The intentional creation of pseudo-magnetism could therefore be possible 
through a correctly designed strain field.41-43 This would open up the research 
possibilities of investigating electronic effects under high, variable pseudo-
magnetic fields as large as 300 T using achievable strains without the cost of 




The total findings of this study on the effects of temperature variation on graphene 
devices and the implications of the findings were also speculated upon for future 
experiments involving these effects were summarised here. Starting with the 
strain and TEC findings from experiments involving mono, bi, and tri-layer 
graphene on SiO2 substrates, which were found to be in good agreement with 
each other and monolayer graphene theory. This chapter then proceeded to 
summarise the findings of additional research avenues: the optical 
measurements of doping concentrations and a preliminary study into the effects 
of using h-BN as an alternative substrate surface. It was concluded with the 
further experiments that could be performed to further investigate the phenomena 
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